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INTRODUCTION

The purpose of this research is to determine the roles of transforming growth factor beta (TGF-B)
in metastatic tumor progression. The approach to this issue, both in vivo and in vitro studies
were planned. In vivo studies used MDA MB 231 breast cancer cell lines that express either the
dominant interfering or constitutively active TGF-8 receptors that were (1) directly injected into
the marrow cavity of nude mice and (2) injected into the left ventrical of nude mice. Direct
injection looks at interactions within the bone compartment only whereas cardiac injection looks
at survival in circulation, targeting to bone, and interactions within the bone itself. The in vitro
studies focused on the signaling pathway utilized by osteoclasts that differentiate in the presence
of TGF-8 (when TGF-8 is a survival factor) and cells differentiated without TGF-B exposure
(when addition of TGF-8 to the mature cells causes apoptosis). These studies are also
progressing, as detailed below

BODY: NONE OF THESE DATA HAVE BEEN PUBLISHED, SO SHOULD BE
PROTECTED (PAGES 4-12)

This report is detailed with specific reference to the Statement of Work.
Objective 1: Determine the effects of TGF-8 on tumor development in bone in vivo.
Task 1. Cardiac injections and antibody treatment: month 1 to month 16

As noted in our progress report the first year, antibodies were rapidly degraded when injected, so
we altered our experiment by stably expressing either dominant negative or constitutively active
TGF-B receptors in the MDA MB 231 cells prior to injection. The cardiac injection has been
completed and the bones have been harvested. Thus we have completed this task.

Task 2: analysis of above: month 16 to month 30

We performed analysis of X-rays of the injected animals to determine the incidence and areas of
osteolysis. As can be seen from the table below, the metastatic subclone was significantly more
osteolytic than the parental MDA MB 231 cells. When the constitutively active (CA) TGF-8
receptor construct was expressed in this subclone, there was a significant reduction in the
number of osteolytic lesions per animal and the size of the lesions. In contrast, the subclone cells
expressing the dominant negative (dn) receptor construct exhibited less of a reduction in
osteolytic lesions and size, although this was still a significant reduction over the metastatic
subclone.

All of the bones from these animals have been imbedded, sectioned, stained, and analyzed by
histomorphometry. The bones from all types of animals had little trabecular bone and no
evidence of alterations in osteoclast numbers, so we are unable to draw conclusions from the
histomorphometry that extend the observations from X-ray analysis.



# OSTEOLYTIC LESIONS | AREA/OSTEOLYTIC
CELLS INJECTED PER ANIMAL + SEM LESION (uM) + SEM
parental MDA MB 231 0.25 +0.25 0.85 +0.85
metastatic subclone 8.67 +£0.80* 6.44 +0.79*
sublclone expressing CA 1.25 £ 0.17** 0.56 £ 0.19%*
receptor
subclone expression dn 6.50 £0.33*%; § 3.48 +(0.83**;§
receptor

*p<0.05 compared to parental cell line
**p<0.05 compared to metastatic subclone
§p<0.05 compared to metastatic subclone expressing the CA receptor.

Task 3: Cardiac injections and LAP treatment : month 13 to month 24
Similar to the Task 1 difficulties, we have discovered that the LAP protein is rapidly degraded in
vivo and we substituted the alternate approach as outlined in Task 1.

Task 4: analysis of above: month 24 to month 36

See Task 2 above.

Task 5: Bone injections and antibody treatment: month 1 to month 19

As noted in Task 1, antibodies were rapidly degraded in vivo. For this reason, we have generated
the cells for both cardiac and bone injection as outlined above. We reported the first year that we
had completed this task as the bones had been injected and harvested. Upon analysis, we
discovered that there was extensive osteolysis in all samples, irrespective of the cell type
injected. We conjectured that this was due to accelerated osteolysis and have repeated this
protocol with a new series of animals and harvested the bones at an earlier time point to attempt
to rectify this problem. This second series of injections has been completed and the bones have
been harvested and processed.

Task 6: analysis of above: month 19 to month 32

As noted above, the first series of animals had extensive osteolysis in all animals. We therefore
have repeated the experiment and have sectioned and stained these bones. Histomorphometric
analysis has revealed no difference in the rates of bone resorption or the number of osteoclasts
with the type of tumor injected. We conclude from the combined data from both methods of
tumor cell introduction that TGF-8 activation impacts the rate at which tumor cells arrive and
establish in bone but has no dramatic influence on the rate of tumor development once it is
established in the bone environment.



Task 7: Bone injections and LAP treatment: month 15 to month 30

As with the antibodies, the LAP protein was rapidly degraded and we have used the cell lines as
detailed in Task 5.

Task 8: analysis of above: month 30 to month 36
See Task 6 above.

Objective 2: Determine the role of TGF-8 signal transduction in TGF-8 influences on mouse
osteoclast-like cell survival

Task 9: receptor construct studies: month 1 to month 18

We have been unable to generate mature osteoclasts expressing the constitutively active receptor
as they all apoptose. We conjecture that this is due to activation of TGF-8-mediated apoptosis.
The dominant interfering receptor construct has proven to be difficult to insert into the
adenoviral system. With time running out on this project, we instead focused on the role of the
TGF-B-SMAD signaling pathway in osteoclast responses to TGF-8. We were unable to find
evidence of phosphorylation of either SMAD 2 or SMAD 3 following TGF-8 treatment. We
conclude that this pathway is unlikely to be involved in TGF-8 induction of osteoclast apoptosis.

Task 10: pathway studies

interactions (month 13 to month 18) and phosphorylations (month 18 to month 36):
Since we have been unable to detect consistent changes in SMAD protein phosphorylation with
TGF-8 treatment during differentiation, we have focused this section of the project on other
possible signaling pathways involved in the differences between naive and TGF-B-induced
osteoclasts. Please see below for our interesting results.

We have examined both TGF-8-induced and un-induced (naive) osteoclasts for evidence of an
involvement of either apoptotic or survival signaling during culture.

I. Examination of naive osteoclast survival without TGF-B treatment

A. Survival studies have been published, as have the studies reported that the AKT/NFKB and
MEK/ERK pathways are important in osteoclast survival (1).

B. Studies of survival pathway activation:

Since our data document that many osteoclasts survive for relatively long periods of time in
culture, we have explored the impact of this on osteoclast gene expression. We have used

apoptosis gene-specific gene arrays to examine a

spectrum of Bcl-2 family member genes whose DRrnce(30-0)

proteins products impact survival (Superarray). 25

Mature osteoclasts were purified and either 20

harvested or returned to culture for 30 minutes prior 10

to harvest. RNA was isolated from the harvested i T TT 1T -
cells and subjected to analysis. As shown in the 10 L] U U U
graphs to the right, most survival promoting genes Zo

were downregulated with culture. However, mcl-1 =

was upregulated while all other Bcl-2 family T M b Ml b M b

members were down-regulated. We are currently
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. carrying out experiments to confirm these changes using log phase reverse transcriptase
polymerase chain reaction studies. If we confirm up-regulation, we will next examine whether

we can detect changes in protein expression

II. TGF-8 influences on naive osteoclast survival: Now that we have evidence of the importance
of both the MEK/ERK and AKT/NFxB pathway in osteoclast survival (1), we are examining the

impact of TGF-8 treatment on these pathways.

A. TGF-f causes degradation of survival-promoting proteins.
We have examined mature osteoclast cultures for the impact of
TGF-8 on survival-promoting protein levels. As documented
here, there is rapid degradation of AKT, ERK 1/2, and MEK, but
not actin following TGF-8 treatment. We have examined the p38
MAPK/INK/ AP-1 pro-apoptotic pathway been unable to detect
activation of the p38 MAPK, JNK, or AP-1 following TGF-8
treatment (data not shown). Taken together, these data support
that targeted degradation of survival promoting proteins is a likely
mechanism by which TGF-8 induces osteoclast apoptosis. We
pursued the mechanisms of this degradation by examining

TGF-8

TREATMENT EFFECTS

N
R AR

total AKT

b

M

total ERK1/2 | .

total MEK1/2 =~ ™™ ™= =

SR

whether it is caspase or proteasome mediated. Our studies blocking proteasomes have shown
that this reduces osteoclast apoptosis, suggesting that this may the mechanism by which

apoptosis is driven.

B. TGF-f induces TIEG gene expression. TGF-8
Inducible Early Gene has been implicated in apoptosis of

a number of cell types (2-6). We have therefore examined :

the impact of TGF-8 on TIEG expression in osteoclasts
using Real Time Polymerase Chain Reaction. As shown
to the right, 60 minutes of 2 ng/ml TGF-8 treatment
resulted in a significant increase in TIEG expression (data
are the mean + SD of 2 replicates). This supports that the

relative expression level
w

mechanisms by which TGF-8 induces osteoclast apoptosis

R

—

may involve TIEG expression. !

T
3

time (minutes)

TGF-8 effects on TIEG expression

~—=@— veh

s TGF-B

C. Osteoclasts from TIEG knockout mice survive longer
in culture. We have examined osteoclast precursors for
their ability to survive stromal cell removal. Marrow cells
from TIEG knockout and wildtype mice were cultured
with ST2 stromal cells until osteoclasts develop (13 days)
(1). Once mature, osteoclasts were purified by enzymatic
removal of stromal cells and culture continued for the
indicated times. Cells were fixed and processed as
described (1). As documented in the figure to the right,
osteoclasts lacking TIEG gene (-/-) survive better than
osteoclasts from wildtype (+/+) osteoclasts. These data
support that TIEG is pro-apoptotic in osteoclasts

% APOPTOSIS

TIEG INVOLVEMENT IN OSTEOCLAST SURVIVAL

B ++
+

0 9MIN 3HR 24HR

TIME




III. Examination of survival of osteoclasts that differentiate in the presence of TGF-8.

A. PTEN expression is repressed when osteoclasts differentiate in the presence of TGF-f3. As
outlined in last year’s progress report, we have evidence that the MEK/ERK and AKT/NFxB
pathways are important in survival of TGF-B-induced osteoclasts as well as naive osteoclasts.
We have published that the AKT/NFxB and MEK/ERK pathways
are coordinately regulated by PI3K in naive osteoclasts (1). Since

PTEN is regulated by TGF-8, we have examined PTEN levels in PTEN EXPRESSION

naive and TGF-8-induced osteoclasts. Osteoclasts were b"&b
differentiated in the absence (naive) or presence of 2x10 ng/ml &
TGF-8. Interestingly, mature TGF-B8-induced osteoclasts have s;,\‘“ &0“

lower levels of PTEN than naive osteoclasts. PTEN acts as a

repressor of PI3K/Akt/NFkB pathway. Since we have found that
NFxB is involved in PI3K-mediated naive osteoclast survival, we
have examined TGF-B-induced osteoclasts for the level of NFkB activation.

B. NFkB activation is higher in TGF-f induced osteoclasts

compared to osteoclasts that differentiate in the absence of NFkB ACTIVATION
TGF-f. Osteoclasts were differentiated in the absence (naive) bo‘-‘b '
or presence of 2x10™ ng/ml TGF-B. Nuclear extracts were & *
analyzed for the presence of active NFkB by electromobility o"‘ o

shift assay as we have reported (1). On the basis of antibody
supershifts, the lower two bands are active NFkB complexed
with labeled oligo of the NFxB binding sequence (1). These
data document that differentiation in the presence of TGF-8

results in a marked increase in active NFkB. Since PTEN —)
represses PI3K, the lower levels of PTEN and higher levels of

NFkB activation in TGF-8-induced osteoclasts are consistent
with increased activation of the PI3K/AKT/NFkB pathway in TGF-8-induced osteoclasts. These
data support that signals from PI3K may be important components of osteoclast survival and that
these survival signals include NFkB activation and may hinge on PTEN regulation.

C. TGF-f-induced osteoclasts maintain survival protein expression when cultured with TGF-$
but survival proteins are rapidly lost when TGF-f in

withdrawn. As reported previously, continued TGF-g

osteoclast culture with TGF-8 promotes osteoclast Treatment + - + -
survival whilst culture of TGF-8-induced osteoclasts Time 010 10 30 30
without TGF-B results in rapid apoptosis. We have

examined expression of survival-promoting proteins in S me B e - AKT

TGF-B-induced osteoclasts and the impact of culture
with and without TGF-8 on protein expression (time is P

in minutes). Interestingly, examination of the amount of ' on & o - tMEK
total AKT (tAKT) and total MEK (tMEK) protein

expression reveals that there is a rapid significant

decrease in both survival-promoting proteins in the cells withdrawn from TGF-8 (-) compared
with TGF-B-maintained cells (+). These data raise the possibility that the withdrawal of TGF-8
activates a targeted degradation of survival promoting signaling molecules to drive osteoclast
apoptosis.

D. Evidence of a role of the proteasome in apoptosis: To examine the role of the AKT and MEK
pathways as well as the proteasome in osteoclast survival, naive and TGF-8-induced osteoclasts
were purified and either fixed or cultured with vehicle (DMSO) or chemical inhibitors of these
cellular components in the absence or presence of TGF-8. As can be seen on the graph on the
next page, the responses were complex. The AKT and MEK pathways appears to be important
in survival of TGF-B-induced and maintained and naive osteoclasts that are cultured without
TGF-8. Interestingly, the TGF-B8-maintained osteoclasts were all apoptotic when the proteasome
R



was blocked and the naive cells treated with TGF-8 also exhibited increased apoptosis. We are
currently completing western blot studies to determine the protein targets that are degraded in the
proteasome to complete this project.

B TGFBnduced 10
I Natve 10

W TGFVTGFA 90
B Vehicle/Vehicle 190
1 TGF@NVeticlo 190
[ Vohicle/TGFS 120

Trentment

KEY RESEARCH ACCOMPLISHMENTS:

Have evidence of significant disruption of metastasis by over-expression of the constitutively
active TGF-8 receptor in metastatic breast cancer cells.

Osteoclast survival is due to activation of survival pathways and may involve increased mcl-1
expression.

Osteoclast apoptosis may be due to repression of survival signaling by targeted degradation in
naive osteoclasts treated with TGF-8 and TGF-8 removal from TGF-8-induced osteoclasts.

TGF-B induces pro-apoptotic TIEG gene expression in naive osteoclasts.

The PI3K/AKT/NFxB and MEK pathways are implicated in survival of TGF-B-induced
osteoclasts.

REPORTABLE OUTCOMES

2 abstracts to the 2001 American Society for Bone and Mineral Research annual meeting.

2 abstracts at the 2002 American Society for Bone and Mineral Research annual meeting.

3 abstracts to the 2003 American Society for Bone and Mineral Research annual meeting.

3 abstracts to the 2004 American Society for Bone and Mineral Research annual meeting.

2 abstracts to the 2003 American Society for Cell Biology annual meeting.

1 abstract at the 2002 ERA of Hope Department of Defense Breast Cancer Research meeting.

11 published papers and 2 published book chapters.

Shaw, A. and Oursler, M.J. (2000). Paracrine regulation of osteoclast activity in
metastatic breast cancer. Cancer Research Alert 1:124-127.
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Winding, B., Misander, H., Sveigaard, C., Therkildsen, B., Jakobsen, M., Overgaard, T., Oursler,
M.J., Foged, N.K. (2000). Human breast cancer cell-induced angiogenesis, recruitment, and
activation of osteoclasts in bone. J Cancer Research and Clinical Oncology 126:631-640.

Pascoe, D. and Oursler, M.J. (2001). The Src signaling pathway is regulates osteoclast lysosomal
enzyme secretion and is rapidly modulated by estrogen. J. Bone and Min. Research. 16:1028-1036. .

Gingery, A., Oursler, M.J. (2002). The Roles of TGF-beta in Metastatic Cancer Progression in
Bone. Recent Research Developments in Cancer. 4:13-24.

Sanyal, A., Oursler, M.J., Clemens, V.C., Fukumoto, T., Fitzsimmons J.S., O’Driscoll, S.W.
(2002). Temporal Expression Patterns Of BMP Receptors And Collagen II (B) During Periosteal
Chondrogenesis. J. Orthopedic Res. 20:58-65.

Mizuta, H., Sanyal, A., Fukumoto, T., Fitzsimmons, J.S., Matsui, N., Bolander, M.E., Oursler,
M.J., O'Driscoll, S.W. .J. (2002). The Spatiotemporal Expression of TGF-81 and its Receptors
during Periosteal Chondrogenesis In Vitro. J. Orthopedic Res. 20:562-574.

Giulivi, C. and Oursler, M.J. Role of Mitochondrial Oxygen and Nitrogen Reactive Species in
Signaling. (Invited Review). (2002). In Signal Transduction by Reactive Oxygen and Nitrogen
Species: Pathways and Chemical Principles. M. Torres, J. Fukuto, and H. J. Forman, eds.
Kluwer Press, New York.

Gingery, A., Bradley. E., Shaw A., and Oursler, M.J. (2003). Phosphatidylinositol 3-kinase
Coordinately Activates the MEK/ERK and AKT/NFkB pathways to Maintain Osteoclast
Survival. J. Cellular Biochem. 89:165-179.

Oursler, MJ. (2003). Direct and indirect effects of estrogen on osteoclasts. J. Musculoskeletal
and Neuronal Interactions. 3:363-366.

Gorny, G., Shaw, A K. Oursler, MJ. (2004). IL-6, LIF, and TNF-a Regulation of GM-CSF
Inhibition of Osteoclastogenesis in vitro. Experimental Cell Research. 294:149-158.

Karst, M., Gorny, G., Galvin, R.J., and Oursler, M.J. (2004) The Roles of Stromal Cell RANKL,
OPG, and M-CSF Expression in Biphasic TGF-8 Regulation of Osteoclast Differentiation. J.
Cell. Physiology. 200:99-106.

IN PRESS

Oursler, MJ. Osteolytic Enzymes of Osteoclasts in Springer-Verlag

Bradley. E. and Oursler, M.J. Mitogen Activated Protein Kinase Regulation of Osteolytic Bone
Loss in Breast Cancer Metastases. Recent Research Developments in Cancer

1 manuscript submitted to the American Journal of Physiology.

Oursler, M.J., Bradley, E.-W., Elfering, S.L., and Giulivi, C. Native, Not Nitrated, Cytochrome ¢
and Mitochondrial-derived Hydrogen Peroxide Drive Osteoclast Apoptosis

1 manuscript submitted to the Molecular and Cellular Biology.
Subramaniam, M., Gorny, G., Monroe, D.G., Johnsen, S.A., Rickard, D.J., van Deursen, M. A., Oursler,

M.J., and Spelsberg, T.C. TIEG1 Null Mouse-Derived Osteoblasts Are Defective in Mineralization And In
Support of Osteoclast Differentiation in vitro.
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2 manuscripts in preparation.
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CONCLUSIONS:

We made excellent progress on dissecting the roles of TGF-8 in tumor-driven osteolysis. We
have successfully carried out both cardiac and bone injections of parental cells and cells
expressing either a dominant interfering or a constitutively active TGF-8 receptor construct. Our
data from the cardiac injection model suggest that expression of a constitutively active form the
TGF-8 receptor greatly reduces osteolytic lesions. Comparing these data with the direct bone
injection model determined that expression impacted getting to bone but not activity of the tumor
in bone. In vitro studies have not implicated TGF-B8-SMAD signaling in osteoclast survival and
apoptosis decisions. But we have evidence that a newly discovered pro-apoptotic transcription
factor, TIEG, is involved in TGF-8-induced apoptosis. One of the known targets for TIEG is
repression of SMAD 7. We are continuing to pursue this avenue in our current NIH-funded
project. Our data show that osteoclast survival appears to require activation of both MEK/ERK
and AKT/NFkB pathways in both naive osteoclasts (osteoclasts differentiated in the absence of
TGF-8) and TGF-8-induced osteoclasts. TGF-8 withdrawal from TGF-B-induced osteoclasts
may cause disruption of the AKT/NFxB pathway by targeted degradation of AKT via
proteasome-mediated degradation.
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Paracrine Regulation of
Osteoclast Activity in
Metastatic Breast Cancer

By A. Shaw and M. J. Oursler, PhD

ONE IS THE MOST COMMON SITE OF BREAST CANCER
Bmetastasis. Breast tumors in the bone marrow cavity
recruit osteoclasts to degrade bone, forming localized
areas where bone is considerably weakened. Metastat-
ic breast cancer-induced bone loss is termed osteoly-
sis. Osteolysis leads to hypercalcemia and bone frac-
tures, resulting in considerable pain for patients with
metastatic breast cancer. Elevated bone resorption by
osteoclasts is responsible for tumor-induced osteoly-
sis. The mechanism of the increase in osteoclast activ-
ity that causes osteolysis is believed to involve soluble
growth factors secreted by the tumor. Recently, the
importance of these paracrine influences on osteoclast
activity have been recognized, and it is the purpose of
this review to discuss the results of investigations into
the mechanism of tumor-derived growth factor actions
on osteoclasts.

Introduction

Paracrine factors are implicated as mediators of bone
loss associated with tumor osteolysis in patients with
metastatic breast cancer. Osteolytic lesions result from
an increase in osteoclast bone resorption activity at sites
adjacent to a tumor in the marrow cavity.! Bone loss dur-
ing tumor osteolysis may result from any of the follow-
ing mechanisms: 1) increased formation of osteoclasts;
2) increased resorption activity by mature osteoclasts; or
3) increased survival of mature osteoclasts.

Osteolytic bone loss may result from increased for-
mation of mature osteoclasts from osteoclast precursors.
Mature osteoclasts form by differentiation from
hematopoietic stem cells found in the marrow activity.
This process requires direct cell-cell contact between
osteoclast precursors and marrow stromal cells. Later
stages in osteoclast differentiation include fusion of
mononuclear osteoclast precursors to form multinucleat-
ed cells, and activation of multinucleated osteoclasts to
induce adhesion to bone and secretion of bone-degrad-
ing enzymes.*

Osteolytic bone loss may result from an increase in the
resorption activity of each individual osteoclast. Bone
resorption activity is related to the ability of an osteoclast to
adhere to bone, secrete bone-degrading lysosomal
enzymes, and migrate to form more and/or larger resorption
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pits on bone slices. A mature osteoclast may be activated by
a number of stimuli. Upon activation, an osteoclast will
adhere to bone, forming a tight-sealing zone around the
periphery of the bone resorption compartment, which is
analogous to a secondary lysosome. Bone-degrading pro-
teases are secreted into this compartment by fusion of lyso-
somal vesicles with the plasma membrane adjacent to the
bone surface. Fusion of these vesicles increases the amount
of membrane at this interface and this portion of the plasma
membrane becomes highly convoluted, forming a structure
called the ruffled border of the osteoclast.

The bone resorption compartment becomes acidified
by the action of numerous proton pumps on the ruffled
border. The combined action of acid and proteases
degrades the bone surface enclosed by the sealing zone.
An active osteoclast may detach, migrate, and reattach at
another site to form multiple resorption pits. The impor-
tant role that soluble growth factors play in activation of
osteoclasts in metastatic breast cancer was first alluded
to by a study that examined the conditioned medium of
an osteolytic breast cancer cell line, MDA MB 231 3

This study revealed that 231 cell conditioned medium
was capable of increasing the activity of mature osteo-
clasts, suggesting that the medium contained soluble fac-
tors that could act on osteoclasts. Analysis of the 231 cell
conditioned medium revealed that it contained many
growth factors that have been implicated as regulators of
osteoclast activity. This conditioned medium was fraction-
ated over a sizing column and used to treat osteoclasts.
Some fractions stimulated, while some fractions inhibited
osteoclast activity. This observation suggests that stimula-
tory factors overcome the actions of inhibitory factors to
increase osteoclast activity. Paracrine stimulation of osteo-
clast activity may be a primary mechanism by which
metastatic breast tumors are able to degrade bone.

Osteolytic bone loss may result from increased sur-
vival of mature osteoclasts. It is believed that mature
osteoclasts are removed from the bone surface by a sig-
nal to undergo apoptosis. Soluble factors secreted by
tumors may delay the apoptotic signal, allowing osteo-
clasts to continue with their bone resorption program for
a longer period of time. Below, several paracrine factors
that may be important in the development of osteolytic
lesions are discussed.

OPG/RANKIL/RANK

Osteoprotegerin (OPG) is a recently discovered protein
that plays an important role in osteoclast formation. OPG is
a soluble factor secreted by bone marrow stromal cells and
osteoblasts. OPG functions as an inhibitor of osteoclast for-
mation. OPG interferes with a critical interaction between
the osteoclast precursor receptor-activator of NFkB

(RANK) and its cognate ligand (RANKL). RANK is pre-
sent on the plasma membrane of osteoclast precursors and
mature osteoclasts, while RANKL is expressed on the plas-
ma membrane of stromal cells. In addition, the interaction
between RANKL and RANK gives rise to signaling events
that inhibit apoptosis in mature osteoclasts. In this way,
OPG reduces overall osteoclast numbers by blocking osteo-
clast formation and stimulating apoptosis of mature osteo-
clasts. Conversely, increased levels of RANKL are correlat-
ed with increased osteoclast numbers. One might expect
that osteolytic tumors would express RANKL or induce
RANKL expression. However, we and others have shown
that most primary breast cancers, metastatic breast cancers,
and breast cancer cell lines do not express RANKL.* When
breast cancer cells are co-cultured with bone marrow stro-
mal cells, expression of RANKL is induced and OPG is
inhibited.> These results indicate that another factor pro-
duced by breast cancer cells within the bone marrow cavity
induces RANKL expression and inhibits OPG secretion by
bone marrow stromal cells.

Macrophage-Colony Stimulating Factor

Macrophage-colony stimulating - factor (M-CSF) is
absolutely required for osteoclast formation. M-CSF is
expressed by bone marrow stromal cells and osteoblasts.
The essential role of M-CSF is evident in mutant op/op
mice that express nonfunctional M-CSF. These mice show
a complete lack of mature osteoclasts, a condition that is
reversed by infusion of M-CSF. M-CSF stimulates prolif-
eration of early osteoclast precursors and induces migra-
tion of actively resorbing osteoclasts. Estrogen deficiency
enhances M-CSF production, which results in the overall
increase in osteoclast number seen in osteoporosis. M-
CSF also promotes the survival of mature osteoclasts by
delaying the onset of apoptosis. M-CSF and RANKL
have been shown to be essential factors for osteoclast for-
mation in vitro.®

Granulocyte-Macrophage Colony
Stimulating Factor

Granulocyte-macrophage colony stimulating factor
(GM-CSF) has opposing effects on osteoclast formation.
Effects of GM-CSF appear to depend on the differentia-
tion state of the target cell. GM-CSF stimulates prolifer-
ation of early osteoclast precursors, but potently inhibits
late stages of osteoclast differentiation. GM-CSF
inhibits formation of osteoclasts from mouse bone mar-
row, which contains mid-stage osteoclast precursors. In
an in vivo nude mouse model of osteolysis, expression
of GM-CSF declined as osteolytic lesions appeared.’
Local repression of GM-CSF to allow osteoclast forma-
tion may provide a mechanism by which an osteolytic
tumor can mediate bone loss.
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Tumor Necrosis Factor Alpha

Tumor necrosis factor alpha (TNF-0) is a soluble pro-
tein secreted by many bone marrow cells and is known to
play a role in the development of other bone loss patholo-
gies, including periodontitis and orthopedic implant loos-
ening. Antibody blockade of TNF-o results in decreased
osteoclast numbers and reduced pit formation activity of
mature osteoclasts.® TNF-o is secreted in large quantities
by osteolytic breast cancer cell lines and by breast tumors
in bone. We have used a mouse model of breast cancer
osteolysis to examine the timing of TNF-o expression as
it relates to the appearance of osteolytic lesions. TNF-0.
expression by mouse marrow cells increases as tumor size
increases and as osteolytic lesions appear in the mice. We
have examined the effects of TNF-o added to osteoclast
precursors during differentiation. TNF-o treatment results
in increased osteoclast numbers and larger osteoclasts as
compared to untreated osteoclasts. These larger TNF-oi-
stimulated osteoclasts secrete more bone-degrading
enzymes and form more resorption pits per cell than
unstimulated osteoclasts. TNF-al also appears to prolong
the lifespan of mature osteoclasts by inhibiting apoptosis.”
These results indicate that elevated TNF-o levels may
play a role in metastatic breast cancer-induced osteolysis.
TNF-o, secreted by tumor cells and marrow cells may
induce formation of larger osteoclasts that destroy bone at
a rate faster than it can be replaced by osteoblasts.

Insulin-Like Growth Factors

Insulin-like growth factors (IGFs) are secreted by
osteoblasts and stimulate proliferation of osteoblasts.
Mature osteoclasts express type I IGF receptors and IGF
stimulates resorption activity of mature osteoclasts in
the presence of osteoblasts.'® IGF induction is responsi-
ble for growth hormone and parathyroid hormone-
induced osteoclast formation."" This suggests that IGF
may contribute to osteoclast formation indirectly by
inducing expression of another osteoclast-promoting
growth factor. IGF is secreted by breast cancer cell lines
and metastatic breast tumors in bone. IGF treatment of
osteoclast precursors induces differentiation into mature
osteoclasts. IGF secreted by metastatic breast tumors
may contribute to elevated osteoclast activity by induc-
ing differentiation of osteoclast precursors and stimulat-
ing resorption activity of mature osteoclasts.

Parathyroid Hormone-Related
Peptide Expression

Parathyroid hormone-related peptide (PTHrP)
expression is correlated with increased metastasis of
breast cancer cells, which leads to increased frequency
of osteolytic lesions in vivo. PTHIP is expressed by
mature osteoclasts and 92% of breast tumors showing

bone metastases.'? PTHrP is the main causative agent of
hypercalcemia that is associated with a variety of can-
cers. Hypercalcemia is mediated through an endocrine
mechanism involving PTH receptor-mediated effects on
kidney and bone metabolism. Paracrine actions of
PTHrP are dual, with different portions of the PTHrP
molecule giving rise to opposing effects. PTHIP(1-34)
mediates stimulatory PTH-like actions by binding to the
PTH receptor expressed on osteoblasts. These indirect
effects include stimulation of osteoclast formation and
increased bone resorption activity. — However,
PTHrP(107-139) mediates inhibitory actions of PTHrP,
including direct inhibition of osteoclastic bone resorp-
tion, by an unknown PTH receptor-independent mecha-
nism."> PTHrP expression appears to be permissive for
formation of bone metastases, although its role in the
induction of osteolysis remains unclear.

Interleukins

Interleukin-1 (IL-1) stimulates bone resorption pri-
marily by prolonging survival of mature osteoclasts. IL-6
also stimulates bone resorption, but its mode of action is
stimulation of osteoclast formation. IL-6 induces prolif-
eration of osteoclast precursors and induces these precur-
sors to commit to the osteoclast lineage. Infusion of IL-1
together with IL-6 in mice causes marked bone loss that
results in hypercalcemia. Bone loss due to elevated levels
of parathyroid hormone or 1, 25-dihydroxyvitamin D3 is
due to the ability of these hormones to induce IL-6 secre-
tion from osteoblasts.®* Many breast tumors express IL-1
and IL-6, which makes these factors possible mediators
of bone loss associated with metastatic breast cancer.

Leukemia Inhibitory Factor

Leukemia inhibitory factor (LIF) is so named because
of its ability to inhibit proliferation and induce differen-
tiation to the macrophage line of a myeloid leukemic
cell line."* Since its discovery, a variety of systemic
effects have been attributed to LIF. The overall effect of
LIF on bone metabolism is to increase the rate of bone
turnover by increasing both osteoblast and osteoclast
activity. LIF overexpression in mice causes splenic
enlargement due to the excessive proliferation of
hematopoietic stem cells, the cells that give rise to osteo-
clasts. LIF prolongs survival of osteoclast precursors
and induces the proliferation of osteoblasts. LIF expres-
sion is induced by cytokines known to induce bone loss,
including TNF-c, IL-1, and IL-6." LIF is expressed by
78% of primary breast tumors and stimulates the prolif-
eration of breast cancer cell lines in vitro.'® Expression
of LIF by breast cancers in bone could potentially stimu-
late osteoclast activity to induce bone loss.
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Transforming Growth Factor

Transforming growth factor (TGF-B) has biphasic
effects on osteoclast activity. At high doses, TGF-
inhibits osteoclast formation. However, at low doses,
TGF-B stimulates formation and survival of osteoclasts.
We have shown that osteoclasts formed in the presence of
TGF-B become TGF-B-dependent. Withdrawal of TGF-8
from these TGF-B-dependent osteoclasts induces immedi-
ate apoptosis."” Osteoclasts formed in the environment
adjacent to a TGF-B-secreting breast tumor may become
TGF-B-dependent and may survive longer than osteo-
clasts formed in the absence of TGF-$. Enhanced survival
of TGF-B-dependent osteoclasts may provide a mecha-
nism by which breast tumors can induce osteolysis.

Summary

Breast tumors in the bone marrow cavity can induce
bone loss by inducing the formation, activity, and survival
of mature osteoclasts. These effects may be due to the
secretion of growth factors in the area adjacent to the
tumor. RANKL, M-CSF, TNF-q, IGF, IL-1, IL-6, LIF, and
TGF-B can enhance formation of mature osteoclasts by
exerting effects on various stages of osteoclast differentia-
tion. RANKL, M-CSF, TNF-o, IGF, and LIF can promote
osteoclast resorption activity by increasing adhesion to
bone, secretion of lysosomal proteases, and migration. M-
CSF, TNF-¢, IL-1, and TGF-B increase the lifespan of
mature osteoclasts by delaying apoptosis. Additionally,
repression of factors that block osteoclast formation, such
as GM-CSF, may enable tumors to recruit osteoclasts. In
order to clarify the role of tumor-derived growth factors in
development of osteolytic lesions, future investigations
should explore the combined effects of growth factors on
osteoclast activity. (Ms. Shaw is a research assistant and
Dr. Oursler is an Assistant Professor, Biology Department,
University of Minnesota, Duluth.) <
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Abstract Purpose: The purpose of this study was to
elucidate the potential of human breast cancer celis
(BCO) to induce matrix degradation and neo-vascular-
ization, essential for continued tumor growth, in osteo-
lytic lesions. Methods: BCC were inoculated into the left
cardiac ventricle of female athymic mice and osteolytic
lesions were radiologically visualized within 4 weeks
from inoculation. Results: Histomorphometric analysis
of bone sections revealed a significant increase in the
number and maturity of osteoclasts (OCI) lining the
bone surfaces next to tumor tissue when compared to
corresponding bone surfaces in healthy mice. In addi-
tion, a large number of newly formed blood vessels
could be visualized by immunohistochemistry at the
periphery of and within tumor tissue. When bone mar-
row (BM) cells were cultured in the presence of BCC the
OCI formation was increased threefold. These OCl were
also found to be more mature and to have greater
resorptive activity. Moreover, BCC were found to
stimulate proliferation, migration, and differentiation of
BM-derived endothelial cells. Conclusions: Matrix de-
struction and neo-vascularization are accomplished by
BCC arrested in the BM cavity by increasing recruitment
and activity of OCl and by induction of angiogenesis
within or in proximity to the tumor tissue.
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Introduction

Bone is one of the three most favored sites of solid tu-
mor metastasis. In fact, 90% of the patients who die of
breast carcinoma have bone metastases (Woodhouse
et al. 1997). Breast cancer metastasis to bone often
presents with severe symptoms due to osteolytic lesions
and may cause multiple complications for the patient.
These include pain, impaired mobility, hypercalcemia,
pathologic fracture, spinal cord or nerve root compres-
sion, and bone marrow infiltration (Coleman 1997,
Sasaki et al. 1995). Most importantly, once cancer cells
become housed in the skeleton, the cancer is essentially
noncurable with current treatments. Agents such as the
bisphosphonates, which inhibit osteoclastic bone re-
sorption, have proven to decrease the complications
associated with bone metastases (Kanis et al. 1996; Diel
et al. 1998).

Bone has been described as a storehouse for a variety
of cytokines and growth factors, which provides an ex-
tremely fertile environment for breast cancer cells
(Yoneda et al. 1994). However, because bone is mainly
comprised of a hard, mineralized tissue, it is more re-
sistant to destruction than other tissues. Thus, for cancer
cells to grow in bone, they must be capable of causing
bone destruction (Guise 1997). This is believed to be
accomplished by the potential of breast cancer cells to
recruit and activate osteoclasts (OCls) (Yoneda et al.
1994; Clohisy et al. 1996; Pederson et al. 1999).

So far, only a very few breast cancer cell-derived
factors, which may be involved in cancer-induced oste-
olysis in vivo, have been identified. Yoneda and col-
leagues have shown that parathyroid hormone-related
protein (PTHrP) might play an important role for can-
cer-induced osteolysis in vivo. They have found that
mice inoculated with human breast cancer cells (MDA-
231) receiving neutralizing anti-human PTHrP anti-
bodies developed fewer and smaller osteolytic metastases
than mice receiving nonspecific antibodies or vehicle as
control (Guise et al. 1996). The presence of PTHrP at
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the mRNA and protein levels in bone metastasis still
remains to be demonstrated.

The generation of blood vessels (angiogenesis) is an
essential step for the primary tumor and metastasis to
grow (Woodhouse et al. 1997; Hanahan and Folkman
1996). Smaller tumors may receive all nutrients by dif-
fusion, but further growth depends on an adequate
blood supply, accomplished through cancer-induced
angiogenesis (Fidler and Ellis 1994). Therefore, after the
initial arrest and growth in the bone environment, the
induction of angiogenesis becomes crucial for the con-
tinued secondary tumor growth.

The purpose of the present study was to investigate
the influence of human breast cancer cells on OCI re-
cruitment, maturation, and resorptive activity, and on
endothelial cell proliferation, migration, and differenti-
ation. We used bone sections from athymic mice with or
without bone metastasis for immunochemical quantifi-
cation of possible changes in OCl numbers and newly
formed vessels within or in proximity to the tumor tissue
as compared to normal bone marrow. Moreover, several
bone marrow/breast cancer cell co-culture assays were
used to highlight the relative importance of cancer-
derived factors on each single step in OCl and endothelial
cell activity.

Materials and methods

Animals and drugs

Four-week-old female Balb/C athymic (nude) mice were obtained
from M&B, Denmark. Culture media, penicillin, and streptomycin
were purchased from Life Technologies, Denmark. Rabbit anti-
human pan-cytokeratin polyclonal antibodies (Code No. A-0575),
control antibodies (Code No. X-0903), and EnVision+ were pur-
chased from DAKO, Glostrup, Denmark. The rat anti-mouse
CD31 antibody (MEC 13.3) and rat immunoglobulin isotype
controls were purchased from PharMingen (San Diego, Calif.,
USA). Rat anti-mouse CD34 antibody (MEC 14.7) was a kind gift
from Dr. Cecilia Garlanda (Istituto di Ricerche Farmacologiche
Mario Negri, Milan, Italy). Biotinylated rabbit anti-rat antibodies,
DAB, ExtrAvidin Peroxidase Staining kit, and Mitomycin C were
obtained from Sigma Chemical, St. Louis, Mo., USA.

Cell lines

The parental human estrogen receptor-negative breast cancer cell
line MDA-231/P was kindly supplied by Professor Nils Briinner,
Finsen Laboratory, Denmark. An in vivo selected bone-seeking
subclone, called MDA-231/B, of the MDA-231 cell line was gen-
erated by us and maintained as the parental cell line for six pas-
sages. The murine bone marrow-derived stromal cell line MBA-2.1
(endothelial-like cells) (Zipori et al. 1987) was kindly supplied by
Professor Dov Zipori, Weizman Institute of Science, Israel.

In vivo studies

MDA-231/B cells were cultured in 175 cm? flasks (NUNC, Den-
mark) to confluence. The cells were released by trypsin/EDTA and
after repeated washing in phosphate-buffered saline (PBS) resus-
pended in E-MEM without additives at a cell density of 10° cells/
ml. The cancer cell suspension (0.1 ml) was slowly inoculated into
the left cardiac ventricle of anesthetized 4-week-old mice. Less than
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Fig. 1A-F Raddiography and histology of osteolytic bone metastasis.
A A representative radiography of a mouse with osteolytic lesions in
the hind limbs (arrows). Human breast cancer cells (BCC) in single cell
suspension had been inoculated into the left cardiac ventricle of 4-
week-old female Balb/C athymic mice 4 weeks prior to the X-ray.
B Using a rabbit polyclonal antibody raised against the human
epithelial cell marker, cytokeratin, a strong and specific immunore-
action to human BCC was observed, without non-specific staining of
bones or normal bone marrow (BM). C When a corresponding bone
section was stained for tartrate-resistant acid phosphatases (TRAP;
red color reaction), a rim of large TRAP+ cells (arrows) was found
covering the bone surfaces next to the tumor tissue. D In contrast, at
bone surfaces distant from tumor tissue, only a low number of small
TRAP+ cells (arrows) was identified. E The MEC14.7 antibody,
raised against mouse CD34, formed immunoreactions with endothe-
lial cells lining smaller blood vessels near the cartilage growth plate in
the BM and strong immunoreaction with small blood vessels and
capillaries at the periphery and within tumor tissue (BCC). F At
higher magnification the vessel-like structures (red arrows) of
immunoreactive cells can clearly be seen. Replacing MECI14.7
antibodies with an isotypic control antibody as primary antibody
confirmed the specificity of the immunoreactions, as no signal was
observed in bone sections from healthy or metastatic mice (data not
shown)

10% of animals died from the inoculation procedure. Four weeks
after cancer cell inoculations animals were anesthetized and placed
in prone position against a single coated HCM film (Imation
Medical Imaging, Denmark), and exposed to X-rays at 30 kVp,
SmA, for 18 s using a Biotron radiographic inspection unit
(Renberg and Jensen, Denmark). Films were developed with the
use of a 3 M Model XP-2000 (Imation Medical Imaging, Den-
mark). Osteolytic metastases (Fig. 1A) were detected in approxi-
mately 90% of the cancer-inoculated animals.

Histology

Bones were isolated from animals immediately after being killed
and immersed in 4% formaldehyde and kept at 4 °C for 48 h. The
bones were decalcified in 15% EDTA-solution (Tritriplex III,
Merck), pH 7.4, for 3 weeks at 4 °C. The decalcification buffer was
changed twice a week. Bones were subsequently dehydrated in in-
creasing concentrations of ethanol before embedding in paraffin.
Five-micrometer sections of tibias or femurs placed on Superfrost
PLUS slides were air-dried overnight at 37 °C. Slides were depa-
raffinized in two changes of toluene and rehydrated in decreasing
concentrations of ethanol for the tartrate-resistant acid phospha-
tases (TRAP)-staining procedure or dehydrated in two changes of
99% ethanol before immunohistochemistry (IHC). Following de-
hydration, endogenous peroxidase activity in tissue sections for
IHC was blocked with 0.45% hydrogen peroxide in 99% ethanol.

For the demonstration of tumor cells in bone sections we used
rabbit anti-human pancytokeratin antibodies (A 0575, DAKO,
Denmark). Rabbit non-specific polyclonal antibodies were used in
the same dilution as the primary antibody in adjacent sections to
verify the specificity of the observed signals. Sections were washed
in TBS and rinsed in running tap water before slides were treated
with 0.05% protease (P 5147, Sigma) for 5 min at 37 °C to reveal
antigenic sites. To reduce background staining, slides were incu-
bated in a TBS blocking solution containing 0.5% (w/v) casein
(C5890, Sigma) for 20 min. The blocking solution was used as
diluent for primary/control antibodies, secondary antibody, and as
washing solutions in between. Sections were incubated in primary
or control antibodies (1:500) for 2 h at room temperature, washed,
and subsequently incubated with Envision+, peroxidase, anti-
rabbit assay (DAKO, Denmark) for 30 min at room temperature.
Immunoreactive sites were visualized by submerging slides in
DAB™ (0.05% DAB (D 5637, Sigma) in TRIS/Imidazole buffer pH
7.6, to which 0.01% hydrogen peroxide had been added (just before




use) for 4 min. Sections were counterstained with Mayers hemat-
oxylin, rinsed in running tap water, and finally slides were cov-
erslipped with DPX Mountant (Fluka, Neu-Ulm, Switzerland). We
did not observe any non-specific background staining on slides
treated with control antibodies.

For the immunohistochemical demonstration of endothelium of
blood vessels and of newly formed capillaries we used the two rat
monoclonal antibodies MEC 13.3 and MEC 14.7 raised against
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mouse CD31 (PECAM-1) and mouse CD34, respectively. The
appropriate rat immunoglobulin isotype control was used in the
same dilution as primary antibodies in adjacent sections to verify
the specificity of the observed signals. Sections were washed in TBS
and rinsed in running tap water before slides were treated with
0.1% trypsin for 20 min at 37 °C to reveal antigenic sites. To re-
duce background staining, slides were incubated in a TBS blocking
solution containing 0.5% (w/v) casein for 20 min. The blocking
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solution was used as diluent for primary/control antibodies, sec-
ondary antibody, and ExtrAvidin, and as washing solutions in
between. Sections were incubated in primary or control antibodies
(1:100) for 2 h at room temperature, washed, and subsequently
incubated with the secondary antibody (biotinylated rabbit anti-rat
immunoglobulin, Sigma) for 30 min at room temperature. Subse-
quently, slides were incubated twice with ExtrAvidin for 30 min.
Immunoreactive sites were visualized by submerging slides in
DAB™ for 4 min. Sections were counterstained with Mayers he-
matoxylin and rinsed in running tap water, and finally the slides
were coverslipped with Aquamount (BDH Laboratories Supplies,
UK). We did not observe any non-specific background staining on
slides treated with control antibodies.

Bone histomorphometry

Serial sections (5 pm in thickness) of tibias of three mice with
radiographically verified osteolytic lesions and four healthy
control mice were cut longitudinally and examined using a semi-
automatic system (Image-Pro Plus, Media Cybernetics, Silver
Spring, Md., USA). The demonstration of TRAP-positive cells
(=0ClIs) in bone sections was performed as previously described
(Scheven et al. 1986). Histomorphometric analyses were per-
formed 0.5-1.0 mm to the growth plate cartilage in three non-
consecutive sections from each tibia at a magnification of 200.
The parameters for osteoclast number and maturity included:
number of osteoclasts per millimeter of bone surface (N.Oc/mm
BS); osteoclast surface per bone surface (Oc.S/BS, %); osteoclast
surface per osteoclast (Oc.S/Oc, pm); and number of nuclei per
osteoclasts (N.Nu/Oc).

In vitro studies
Osteoclast assays

The OCI formation assay was performed as previously described
(Takahashi et al. 1988). Briefly, primary bone marrow cells were
harvested from tibias and femurs isolated from 5-week-old mice.
The collected bone marrow cells were seeded on devitalized bovine
cortical bone slices (28 mm?) placed in 96-well plates or seeded in
culture-treated 24-well plates (Falcon, Becton Dickinson) at cell
densities of 5 x 10° and 1.5 x 10 cells/well, respectively. The cells
were cultured in «-MEM containing 5% heat-inactivated fetal calf
serum (HI-FCS) for the indicated number of days (normally
8 days) with conditioned medium (CM) being collected and re-
placed with fresh culture medium every second day. At the end of
the culture period adherent cells were washed twice in PBS (pH
7.4), fixed in 5% glutaraldehyde—-formaldehyde and stained for
detection of TRAP+ cells according to the manufacturer’s in-
structions (Sigma Chemical). The OCI escavation pits formed on
the bovine cortical bone slices were stained and the area measured
as previously described (Foged et al. 1996, Winding et al. 1997).
The CM was analyzed for TRAP activity and CrossLaps (i.e., a
carboxy-terminal telopeptide proteolytic degradation product of
the o, chains of type I collagen) as previously described (Foged
et al. 1996; Pederson et al. 1997). To study the influence of breast
cancer cells on the number, maturity, activity, and survival of OCls
formed in this assay, cancer cells at increasing seeding densities of
proliferating (10%-10* cells/well) or non-proliferating (pre-treated
with 40 ug/ml Mitomycin C for 45 min) (10°-10° cells/well) cells
were added to the bone marrow cultures with direct cell-cell con-
tact or separated by a membrane filter insert (pore size 0.45 pm,
Falcon).

Endothelial cell assays

The influence of cancer cell-derived factors on migration, prolif-
eration, and differentiation of bone marrow-derived endothelial
cells were studied in co-cultures. For the proliferation and migra-
tion studies breast cancer cells and endothelial cells were physically

separated by a membrane insert, which allowed the exchange of
soluble factors but prevented direct cell-cell contact. Cancer cells
were plated onto 12-well plates with increasing cell density. Cell
cultures were allowed to adjust for 24 h in a culture medium con-
taining 0.1% albumax.

In the proliferation assay, endothelial cells (10*) were plated
onto type I collagen precoated membrane inserts with a pore size of
0.45 pm and allowed to adjust for 24 h. Subsequently, inserts were
transferred to 12-well plates with breast cancer cells and co-
cultured for 48 h. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromid (MTT, Boehringer Mannheim, Germany) was added
to the cell cultures for the last 3 h.

In the migration assay endothelial cells (3 x 10%) were plated
onto type I collagen gel-precoated membrane inserts with a pore
size of 12 pm and allowed to form a monolayer on the inserts.
Subsequently, the inserts were transferred to 12-well plates with
breast cancer cells and co-cultured for 14 h before fixation of the
endothelial cells in 5% glutaraldehyde and staining with 0.5%
toluene blue in 2.5% NaCO;. The number of migrating endothelial
cells was measured semi-automatically by counting in hundreds
randomly, but evenly distributed computer-generated counting
fields for each insert.

In the microtubule formation assay MDA-231/B cells were
plated onto 24-well plates at increasing seeding densities and cul-
tured for 24 h. Cells were washed three times in serum-free media
before addition of 300 p! Matrigel D-MEM (2:1) to each well.
Cultures were subsequently incubated at 37 °C for 30 min, causing
the Matrige! to jellify. Endothelial cells (3 x 10%) were plated on top
of the Matrigel and the cells were co-cultured for 48 h. Cells were
fixed in 5% glutaraldehyde for 30 min and washed three times with
PBS containing 50 mM glycine at 30 min intervals. The area of
tubules formed in co-cultures was measured semi-automatically by
counting the number of hits in 24 randomly distributed computer-
generated grids for each well.

Cytokine levels

The levels of mouse-derived cytokines, i.e., interleukin-6 (IL-6),
interleukin-1beta (IL-18), and tumor necrotic factor-alpha (TNF-
o), secreted into the conditioned media during cultivation of either
mouse bone marrow alone or in co-culture with breast cancer cells
were measured by ELISA (R&D Systems Europe, UK). The levels
of human-derived cytokines were determined in conditioned media
obtained from confluent MDA-231/B cell cultures. Briefly, MDA-
231/B cells were plated onto 10-cm petri dishes and cultured to
confluence in a-MEM containing 5% HI-FCS. Conditioned me-
dium was harvested after culturing the cells in fresh medium for
48 h. The human cytokines, vascular endothelial growth factor
(VEGF), macrophage colony stimulating factor (M-CSF), IL-6,
interleukin-lalpha (IL-1«), IL-18, and TNF-«, were measured by
ELISA (R&D Systems Europe). Parathyroid hormone-related
protein (PTHrP) was measured by a radioimmunoassay (Peninsula
Laboratories Europe, Merseyside, UK). The background levels in
conditioned media from petri dishes without cells were found to be
zero for all tested cytokines.

Detection of cytokine transcripts

MDA-231 cells were cultured to confluence as described above.
Total RNA was extracted by acid guanidinium thiocyanate-phe-
nol-chloroform as previously described (Chomczynski and Sacchi
1987). Expression of M-CSF, IL-la, IL-18, PTHrP, TNF-o, and
VEGF mRNA was examined by reverse transcriptase-polymerase
chain reaction (RT-PCR) using GeneAmp Thermostable rTth kit
(Perkin Elmer, USA) according to the manufacturer’s recommen-
dations. Briefly, first strand cDNA was synthesized from 250 ng
total RNA with a final concentration of the downstream primer at
0.75 mM. Upstream primer and MgCl, were added to the cDNA
mixture in final concentrations of 0.15 mM and 1.5 mM, respec-
tively. PCR was performed in a Perkin Elmer 9600 PCR machine




with 1 min denaturation at 95 °C, 35 cycles of 10 s at 95 °C, and
15 s at 60 °C and a final extension step for 7 min at 60 °C.

For analysis of IL-6 mRNA expression cDNA was synthesized
with the First-Strand ¢cDNA Synthesis Kit (Pharmacia-Biotech,
USA) according to the manufacturer’s recommendations. In brief,
5 pg total RNA was reversibly transcribed with the supplied Not I-
d(T)18 primer in a final reaction volume of 33 pl. The PCR reac-
tion mixture contained 5 ul cDNA, 2.5 mM MgCl,, 0.2 mM
dATP, dCTP, dGTP, dTTP (Pharmacia-Biotech, USA), 30 pmol
of each primer, 1 x PCR buffer, 2.5 U AmpliTaq Gold (Perkin
Elmer, USA). The PCR was performed for 11 min at 94 °C, 40
cycles of 1 min at 94 °C, 1 min at 64 °C, and 1 min at 72 °C, and
for 7 min at 72 °C as a final extension step in a Perkin-Elmer 9600
PCR machine. Control PCR was performed with MilliQ; in none of
these samples were PCR products detected.

Primers used for RT-PCR were as previously reported (Brown
et al. 1996); details are available on request. The oligonucleotides
were obtained from DNA Technology, Denmark. The sizes of the
PCR products were analyzed on a 2% wt/vol agarose ge! and the
specificity was confirmed either by sequencing with the 70770 Se-
quenase version 2.0 kit (Amersham, USA) or for VEGF by
Southern blot analysis.

For the Southern blot analysis the agarose gel was pre-treated
by washing: 10 min in 10 mM HCI, 2 min in MilliQ, 2 x 30 min in
0.5M NaOH, 1.5M NaCl, 2 min in MilliQ, and 2 x 30 min in
0.5 M Tris, 3.0 M NaCl. The products were blotted onto a nitro-
cellulose membrane (Schleicher and Shuell, Keene, N.H., USA) by
capillary transfer o.n. using 2 x SSC. Prehybridization was per-
formed at 58 °Cin 5 x SSC, 2.5 x Denhardt’s solution, 0.5% SDS,
and 100 pg/ml denatured salmon sperm DNA for 1.5 h. A oli-
gonucleotide 5-CATCACCATGCAGATTATGCGGATCAAA
CC-3’ (Brown et al. 1996), which hybridizes to all VEGF splice-
variants, was labeled with yP32-ATP (Amersham Pharmacia
Biotech, USA) using T4 polynucleotide kinase (Promega, Madison,
Wis., USA) and purified by ProbeQuant G-50 micro column
(Amersham Pharmacia Biotech, USA). Hybridization was per-
formed at 58 °C o.n. 10 pmol labeled oligonucleotide and post-
hybridization washes were: 3 x 20 min in 2 x SSC, 0.1% SDS at
r.t., 2x 20 min in 0.1 x SSC, 0.1% SDS at r.t., and 30 min in
0.1 x SSC, 0.1% SDS at 65 °C. Specifically bound oligonucleotide
was visualized with a Phophorlmager (Molecular Dynamics, Sun-
nyvale, Calif., USA).

Results
Osteolysis

Human breast cancer cells or vehicle were injected into
the left cardiac ventricle of 4-week-old female athymic
mice. In mice injected with cancer cells osteolytic le-
sions developed within 4 weeks from inoculation with a
preference for the distal femurs and proximal tibias
(Fig. 1A). The human origin of the tumor tissue was
confirmed by species-specific immunohistochemical de-
tection of the human epithelial cell marker, cytokeratin,
in the breast cancer cells (Fig. 1B). Histomorphometric
analyses of tibias and femurs showed a significant in-
crease in the number of OCIs lining bone surfaces
facing nests of tumor cells as compared to bone sur-
faces distant from tumor cells in the same bone sample
or in bones from healthy control mice (Fig. 1C, D).
Furthermore, the OCls lining bone surfaces near tumor
tissue were significantly larger and with a higher
number of nuclei per sectioned OCl than OCIs lining
corresponding surfaces of long bones in healthy mice
(Table 1).
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Table 1 Histomorphometric analysis on bones isolated from mice
with osteolytic metastases or healthy mice. The sample area was
from 0.50-1.0 mm to the growth plate cartilage. N.Oc/mm BS
number of osteoclasts per millimeter of bone surface, Oc.S/BS, %,
osteoclast surface per bone surface, Oc.S/Oc, um, osteoclast sur-
face per osteoclast, N.Nu/Oc, number of nuclei per osteoclasts.
Data are expressed as mean + SEM

Diseased mice Healthy mice P value
(n = 3) (n =4
N.Oc/mm BS 146 + 2.6 8.6 + 0.7 <0.05
Oc.S/BS, % 72+9 22 +£3 <0.005
Oc.S/Oc, pm 52 + 8.7 25 + 1.1 <0.05
N.Nu/Oc 25+ 03 1.2 £ 0.2 <0.05

MDA-231/B cells were also found to increase the
number of OCls formed in bone marrow cultures. A
nearly threefold increase in the number of TRAP +
multinucleated cells was observed in both direct and
indirect co-cultures of bone marrow and non-prolifer-
ating breast cancer cells when compared to bone marrow
cultures alone (Fig. 2A, B). In contrast to the pure bone
marrow cultures, the number of OCls remained high
after day 8 in culture in bone marrow/breast cancer cell
co-cultures, suggesting that breast cancer cell-derived
factor(s) may prolong OCIs survival. Moreover, the
maturity and resorptive activity of OCls formed in bone
marrow/breast cancer cell co-cultures, measured as the
number of nuclei per OCls and the area of pits formed
on slices of devitalized cortical bovine bone, respectively,
were significantly increased when compared to control
bone marrow cultures (Fig. 3A, B). Furthermore, the
level of type I collagen degradation products (Cross-
Laps) released into the conditioned medium in bone
marrow/breast cancer cell co-cultures was significantly
elevated when compared to cultures of bone marrow
alone (Fig. 3B). The breast cancer cells alone were un-
able to degrade bone and to release collagen fragments
from the bone slices (Fig. 3B). The level of TRAP ac-
tivity measured in the conditioned media was increased
tenfold (P < 0.0001, »=12) in bone marrow/breast
cancer cell co-cultures when compared to bone marrow
cultures. Conditioned medium from breast cancer cell
cultures did not contain detectable levels of TRAP
activity.

Cytokines affecting formation and activity of OCls

The data from non-contact co-cultures of bone marrow
and breast cancer cells strongly suggest that soluble
breast cancer cell-derived factors can increase the OCl
number and resorptive activity. The effect may be me-
diated solely by breast cancer cell-derived factors or may
be due to a concurrent action of breast cancer cell and
autocrine and/or paracrine bone marrow-derived fac-
tors.

As summarized in Table 2, confluent breast cancer
cell layers expressed high levels of M-CSF, moderate
levels of IL-6, IL-1a, and LIF, and undetectable levels of
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Fig. 2a, b Osteoclast recruitment in bone marrow/breast cancer co-
cultures. Bone marrow cells (BM) were cultured for 6, 8 or 10 days in
the absence (white bars) or in the presence (gray bars) of non-
proliferating MDA-231/B breast cancer cells (BCC). Co-cultures were
performed with either direct cell-cell contact (a) or when cells were
separated by a membrane insert (b). At the indicated days cultures
were rinsed, fixed, and stained for TRAP (red). TRAP+ cells with
three or more nuclei were counted as mature OCIs. The results are
expressed as mean (- SEM) number of OCls (n = 4). The experiment
was repeated three times with similar results. Significance levels,
**p < (.01, ¥***P < 0.001

PTHIrP, IL-18, and TNF-a, both at mRNA and protein
levels measured by RT-PCR and ELISA or RIA,
respectively.

The levels of three selected mouse-derived cytokines
were analyzed in CM collected every second day over
8 days from cultures of bone marrow alone and when
co-cultured with breast cancer cells (Fig. 4). The secre-
tion of bone marrow-derived IL-6 was found to be sig-
nificantly increased when bone marrow was co-cultured
with breast cancer cells. The secretion of mouse IL-1§ in
bone marrow cultures decreased during cultivation and
was independent of the presence or absence of breast
cancer cells. Finally, mouse TNF-a was found to be
fairly constantly secreted during cultivation and just
slightly affected by the presence of breast cancer cells
(Fig. 4). CM harvested from cultures of breast cancer
cells alone, as expected, did not contain antigenic

OsMm
I BM1+BCC

100 q a

80 -

60 - :

40 - s

% of OCI

x¥¥

20 ~

6-10 >10

Nuclei per OCI

D Pit Area - 60

b » . CrossLaps
+ *
> *

*

L 45

- 30

Pit Area (mm?)
N

L 15

(Nu) sdessoin

0 T_l_fi_
BM  BM+BCC
Cell Culture

BCC

75 7 ¢

60 -

45 -

30 1

CrossLaps (nM)

15 4

0 [
BM BM+BCC
Cell Culture

BCC

Fig. 3a-¢c Osteoclast maturity and resorptive activity in co-culture
with breast cancer cells. a The osteoclast (OCI) maturity, measured as
the number of nuclei per OCI, was determined in 8-day-old bone
marrow cultures (BM) when cultured on plastic in the absence (open
bars) or in the presence (gray bars) of 3 x 10% non-proliferating MDA-
231/B breast cancer cells (BCC). b The resorptive activity of OCls
formed in 8-day-old BM with or without BCC was measured as the
plan surface area of excavation pits formed on the bovine cortical
bone slices (white bars) or as the release of type I collagen fragments
(CrossLaps) into the conditioned medium (gray bars). The results are
expressed as mean (-+ SEM) nuclei per OC, pit area, or CrossLaps
concentration, respectively. The experiments were repeated three times
with similar results. Significance levels, *P < 0.05, ***P < 0.001

constituents according to the ELISAs for mouse IL-6,
IL-18 or TNF-o.




Table 2 Levels of human cytokines in MDA-231 cell culture.
Human breast cancer cells (MDA-231) were cultured to confluence
in 10-cm petri dishes. Conditioned medium was harvested after
48 h and the level of cytokines was measured by ELISA or by RIA
for PTHrP (*). Cellular RNA extracts were used for determination
of the expression of cytokines by reverse transcriptase-polymerase
chain reaction (RT-PCR)? . (~) no signal, ¥ clear signal, n.p. not
performed

ELISA RT-PCRY
(pg/mg cellular protein)

IL-1o 13+£3 v
IL-18 <39 -)
IL-6 171 + 20 v
M-CSF 7462 + 460 vy
PTHIP* <2.0 )
TNF-« <156 )
LIF 41 + 4 n.p.
VEGF 6224 % 120 v
Angiogenesis

Many large and small blood vessels were found in the
bone marrow and within the tumor tissue (Fig. 1E, F).
The vessels were visualized by immunohistochemical de-
tection of mouse CD31 and/or CD34 positive endothelial
cells with the two rat monoclonal antibodies MEC 13.3
(Vecchiet al. 1994) and MEC 14.7 (Garlandaet al. 1997),
respectively. High levels of immunoreactivity for CD31
were observed in endothelial cells lining larger blood
vessels in the bone marrow and moderate immunoreac-
tivity was observed in some smaller biood vessels in both
bone marrow and at the periphery of and within tumors.
Immunoreactivity for CD34 was clearly restricted to
small blood vessel endothelial cells. In the bone marrow
and in the tumor tissue only newly formed blood vessels
and capillaries appeared highly CD34 positive. The blood
vessels seemed to be infiltrating the tumor tissue from the

periphery.

Fig. 4A-C The levels of three mouse bone marrow-derived cytokines.
Interleukin-6 (IL-6) (A), interleukin-1 beta (IL-18) (B), and tumor
necrosis factor-alpha (TNF-x) (C), were measured in the conditioned
medium harvested every second day from co-cultures or single
cultures of bone marrow (BM) and breast cancer cells (BCC). Results
are expressed as mean + SEM (n=4). The experiments were
repeated twice with similar results. Significance levels, *P < 0.05,
*Fp < 0.001
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Membrane-separated co-cultures showed that MDA-
231-derived factors were able to stimulate the growth of
the murine stromal endothelial cell line MBA-2.1
(Fig. SA). Under indirect co-culture conditions, breast
cancer cells also induced a 16-fold increase in the num-
ber of endothelial cells migrating through a thin layer of
type I collagen (P < 0.001, n=8) (Fig. 5B). Finally,
similar conditions showed that breast cancer cells dose —
dependently stimulated the differentiation of endothelial
cells, since the total area of tubule-like structures formed
in a three-dimensional Matrigel was increased nearly
230-fold in the presence of the highest cancer cell num-
bers when compared to cells cultured in the absence of
cancer cells (P < 0.001, n = 4) (Fig. 5C).

Confluent breast cancer cell cultures expressed high
levels of VEGF mRNA and protein (Table 2). As re-
vealed by RT-PCR, and confirmed by Southern blotting,
the two lower-molecular-weight isoforms of VEGF
mRNA, VEGF,,,, and VEGF s, were expressed by the
breast cancer cells, whereas the three other identified
isoforms VEGF 45, VEGF g9, and VEGF s, were not
detectable (Fig. 6A, B).

Discussion

The in vivo bone metastasis model in nude mice was first
described by Arguello et al. 1988, and later modified by
Yoneda et al. 1994 for the study of bone metastasis of
human breast cancer. One of the characteristic histo-
logical findings in sections of osteolytic tumor lesions
has been the dramatic increase in the number of multi-
nucleated OCls lining the bone surfaces near the tumor
tissue. By use of the in vivo bone metastasis model, we
were able to quantify the significantly increased size and
maturity of OClIs lining bone surfaces in the proximity of
tumor cells compared to OCls lining normal bone
(Table 1). Furthermore, the in vivo findings were found
to be closely mimicked in the bone marrow OCI for-
mation assay, where the number (Fig. 2), maturity
(Fig. 3A), and activity (Fig. 3B) of OCls were increased
in co-cultures of bone marrow and breast cancer cells as
compared to bone marrow alone.

Cultures of breast cancer cells were found to secrete
high levels of M-CSF (Table 2), which is an indispensable
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Fig. 5a— Co-cultures of breast cancer and endothelial cells. a The
diagram shows the proliferation of endothelial cells, measured as
radiolabeled thymidine incorporation into DNA, in response to
indirect co-culture with breast cancer cells (BCC). The proliferation is
expressed as mean level + SEM of thymidine incorporation after
normalization to control values. The experiments were repeated three
times with similar results. b The number of endothelial cells, migrating
through a thin layer of type I collagen gel on a membrane insert, was
significantly and dose dependently increased by indirect co-culture
with BCC. ¢ Likewise, the area of endothelial tubule-like structures,
formed in a three-dimensional artificial basal-membrane (Matrigel),
was significantly and dose dependently increased when plated onto
increasing numbers of BCC. Results are expressed as mean + SEM.
Significance levels, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 6A, B Expression of VEGF isoforms in the human breast cancer
cell line MDA-231. A RT-PCR demonstrating the expression of the
two VEGF isoforms, VEGF);; and VEGF e, of the expected
product size of 275 and 407 base pairs, respectively. No clear RT-PCR
products were observed for the two higher isoforms of VEGF,
VEGFlgg, and VEGF s, of expected product size of 479 and 530 base
pairs, respectively. Lane M: 123 bp DNA marker; lane I: MDA-231/P
RNA; Jane 2. MDA-231/B RNA. B. Southern biotting confirming the
identity of VEGF|2[ and VEGF](,5

cytokine in normal OCI development (Tanaka et al.
1993). This has been highlighted by the fact that mice
lacking the gene for M-CSF become osteopetrotic due to
a very low number of matured OCls in the skeleton
(Felix et al. 1990a,b). It is, therefore, likely that breast
cancer cell-derived M-CSF participate as a paracrine
factor in the recruitment and maturation of OCls from
the bone marrow. This has been supported by recent
data from our laboratories, where monoclonal anti-
bodies raised against human M-CSF were found to de-
crease the breast cancer cell-induced recruitment of OCls
by 40% (Misander et al. 1999).

IL-6 was found to be expressed by breast cancer cells
in culture at moderate levels. IL-6 is involved in the early
stages of OCI development, while its role in the regula-
tion of the activity of mature OCls is controversial and
the results depend on the system used for evaluation (de
la Mata et al. 1995; Kurihara et al. 1990; Lowik et al.
1989; Ohsaki et al. 1992; Roodman 1996). Moreover,
IL-6 has been implicated in several diseases involving
increased bone resorption, such as osteoporosis, Paget’s
disease, myelomatosis, and Gorham-Stout discase
(Roodman 1996; Jilka et al. 1992). In co-cuiture with
breast cancer cells, the bone marrow was found to se-
crete tenfold higher levels of mouse IL-6 than bone
marrow cultures alone (Fig. 4). The results suggest that
breast cancer cells induce an up-regulation of bone
marrow expression of IL-6, which subsequently can act
as a co-factor in OCl recruitment.

Other potent stimulators of osteoclastogenesis and
OCI activity in vivo and in vitro, i.e., IL-18, and TNF-a,
were expressed at low or undetectable levels by breast
cancer cells and by bone marrow in co-cultures or when




cultured alone. PTHrP, which has been suggested to be
important for breast cancer cell-induced osteolysis in
vivo (Guise 1997; Guise et al. 1996), was not secreted
in detectable levels by the MDA-231/B celis in culture
nor could it be detected by RT-PCR. It is possible that
cytokines other than those selected for analysis in this
study, such as transforming growth factor-beta (TGF-
B), IGF-11, and IL-11 (Pederson et al. 1999; Lacroix
et al. 1998; Morinaga et al. 1997), may also participate
in the observed breast cancer cell-induced increase in
OCI number and activity.

Cancer cell-induced angiogenesis is essential for sus-
tained tumor growth as it allows tumor oxygenation and
nutrient perfusion and the removal of tumor waste
products. Recent studies have shown that angiogenesis in
breast cancer assessed by microvessel count is a signifi-
cant prognostic factor (Bosari et al. 1992; Horak et al.
1992; Toi et al. 1995). In line with the human studies
(Horak et al. 1992; Shibusa et al. 1998), antibodies di-
rected against mouse CD31 and mouse CD34 can be used
to assess the amount of neo-vascularization in tumors in
the in vivo bone metastasis model. It has previously been
suggested that the MEC 14.7 antibody, recognizing
mouse CD34, can be used to discriminate between larger
blood vessels and smaller blood vessels including newly
formed capillaries in tumors in mice (Garlanda et al.
1997). Our observations in nude mice with bone metas-
tasis support this finding. Indeed, the distinct reaction of
the MEC 14.7 antibody with small, newly formed capil-
laries in both the peripheral and central part of osteolytic
tumors implies that the cancer cells — not only in vitro, as
shown clearly by our co-culture experiments, but also in
vivo — have the capacity to induce endothelial cell pro-
liferation, migration, and differentiation. The induction
of an endothelial cell response may be mediated solely by
cancer cell derived cytokines and growth factors or may
be concerted in action by growth factors, such as TGF-
p1 and insulin-like growth factors, released from the
bones during osteoclastic resorption (Oursler 1994).
TGF-$ has been implicated as being a very potent co-
factor to VEGF in the induction of angiogenesis in
cancer (Tsujii et al. 1998; Nakanishi et al. 1997; Dono-
van et al. 1997; Benefield et al. 1996). The high levels of
VEGF expression in the human breast cancer cell line
MDA-231/B (Fig. 6, Table 2) suggest that this growth
factor may be involved in the paracrine communication
between breast cancer cells and endothelial cells as has
been shown for colon cancer cell-induced angiogenesis
(Tsujii et al. 1998). This hypothesis is currently being
studied in our laboratory.

The feasibility of targeted drug delivery to tumor
vasculature has previously been elegantly demonstrated
by Ruoslahti and co-workers, taking advantage of the
selective expression of several proteins in endothelial
cells in the angiogenic vessels within solid tumors as
compared to endothelial cells located in established
blood vessels (Arap et al. 1998; Pasqualini et al. 1997;
Pasqualini and Ruoslahti 1996). Although skepticism
regarding the success of this approach has recently been
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called for by Schnitzer (1998), similar results have been
found by several other investigators (Hammes et al.
1996; Strawn et al. 1996; Spragg et al. 1997, Molema
et al. 1997). Using targeted drug delivery to bone me-
tastasis vasculature, inhibition of OCI activity, tumor
growth, and/or angiogenesis could be achieved with
improved efficacy and tolerability and with reduced
systemic toxicity and side effects.

Matrix destruction and neo-vascularization are nec-
essary for all solid tumors to expand. This study has
shown that breast cancer cells arrested in the bone
marrow accomplish this by two events. First, the hard
calcified bone matrix is removed by osteoclasts increased
in number and activity by cancer-derived factors and,
second, new blood vesse! formation is enhanced due to a
cancer-stimulated increase in endothelial cell prolifera-
tion, invasion, and differentiation.
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The Src Signaling Pathway Regulates Osteoclast
Lysosomal Enzyme Secretion and Is Rapidly Modulated
by Estrogen

DAVID PASCOE and MERRY JO OURSLER

ABSTRACT

To investigate the role of the pp60src signaling pathway in osteoclast activity, we have used dominant negative
pp60src, c-ras, and c-raf expression vectors to individually disrupt their functions in osteoclasts. Osteoclasts
were transiently transfected and secretions of cathepsin B/K and tartrate-resistant acid phosphatase (TRAP)
were monitored. Expression of these constructs increased secretion of lysosomal enzymes. In contrast,
constitutively active pp60src expression caused decreased lysosomal enzyme secretion. Osteoclasts respond to
17-8 estradiol (17BE,) treatment with decreased lysosomal enzyme secretion. Therefore, we investigated the
effects of E, on pp60src kinase activity and observed an E, time- and dose-dependent decrease in cytoskeletal
membrane-associated pp60src tyrosine kinase activity. We have shown that estrogen decreases lysosomal
enzyme gene expression and secretion; so we have examined the effects of the expression constructs on
estrogen regulation of enzyme secretion. Constitutively active pp60src blocked E, effects on secretion whereas
expression of dominant negative pp60src, c-Ras, or c-Raf enhanced E, effects. These data support that the
kinase domain of cytoskeletal-associated pp60src is likely to be involved in the regulation of lysosomal enzyme
secretion. (J Bone Miner Res 2001;16:1028-1036)

Key words: osteoclast, lysosomal enzymes, Src, tyrosine kinase, estrogen

INTRODUCTION normal osteoclast functioning. Evidence began to mount in
1991 when Soriano et al.®) generated sr¢™~ transgenic
mice that developed osteopetrosis as the result of defective
osteoclast activity. After this observation, Boyce et al.'¥)
demonstrated that pp60src expression is required for ruffled
border formation in osteoclasts and that the in vitro oste-
oclast generation from the sr¢™~ mutant tissues were not

able to form ruffled borders and resorb bone. Lowe et al./®

STEOCLASTS, THE cells responsible for metabolic bone
Odegradation, form on the bone surface by fusion of
postmitotic precursors. Once formed, the cells adhere to the
bone through attachment foci that form around the perime-
ter of the cell.” Large numbers of acidifying vesicles are
transported to the plasma membrane adjacent to the bone,

fusing to form a ruffled membrane that acidifies the extra-
cellular compartment.® Lysosomal enzymes are trans-
ported from the Golgi to this compartment and the combi-
nation of these enzymes and the low pH of the compartment
efficiently degrade the bone juxtaposed to the ruffiled mem-
brane. Over the past several years, it has become increas-
ingly apparent that the phosphoprotein pp60src is critical to

transplanted liver (a source of osteoclast precursors) from
normal mice to the sr¢ ™'~ mutant mice and restored normal
osteoclast activity, showing that the defect in osteoclast
function was caused by the lack of pp60src in the osteoclast
lineage. Recently, chemical inhibition of pp60sre kinase
activity was shown to inhibit resorption in fetal rat long
bone cultures and partially prevent bone loss in young rats

Departments of Biology, Medical Microbiology and Immunology,

Duluth, Minnesota, USA.

and Biochemistry and Molecular Biology, University of Minnesota,

1028




Src REGULATION OF OSTEOCLAST ENZYME SECRETION

after ovariectomy.® Importantly, the phenotype of the
sre”™'” mice have been rescued by transgenic expression of
a kinase-defective Sre construct.” This supports that the
critical pp60src function is independent of its kinase activ-
ity. Recently, two pieces of evidence have pointed to the
importance of other regions of pp60src in its functions in
ostcoclasts. Violctte ¢t al.®® have shown that a synthetic
compound that binds selectively to the SH2 (sr¢ homology
2) domain of pp60src inhibits osteoclast activity and Gray et
al. ™ have shown that the SH3 (src homology 3) domain of
pp60src is required for macrophage colony—stimulating fac-
tor 1 induction of osteoclast migration. The SH3 domain is
a proline-rich region present on many second messengers
that binds homologous regions on target protein while the
SH2 domain specifically binds phosphotyrosine regions of
target proteins. Recently, Furuyama and Fujisawa''” have
shown that inhibition of the second messenger P13 kinasc or
inhibition of actin polymecrization suppressed lysosomal en-
zyme sccretion without altering synthesis. PI3 kinase is
mvolved in multiple signaling pathways including the
pp60src pathway. Taken together, these data implicate
pp60src in regulating the movement of lysosomal enzymes
to the external resorption lacuna. Collectively, these data
support an involvement of pp60src tyrosine kinase activity
in osteoclast bone resorption. but the role of this kinasc in
ostcoclasts remains unresolved. An exciting clue to this is
the recent demonstration that a member of the small
guanosine triphosphate phosphatases (GTPases) involved in
regulating exocytosis localizes with the H* adenosine
triphosphate phosphatase (ATPase) and pp60src¢ in acidify-
ing vesicles that may be involved in forming a ruffled
membrane.'"? To better understand the involvement of this
cytosolic kinasc in ostcoclast activity, we have examined
the role of pp60src in ostcoclast secrction of lysosomal
enzymes.

MATERIALS AND METHODS
Materials

Unless otherwise noted, reagents were from Sigma
Chemical Co. (St. Louis, MO, USA).

Osteoclast isolation and culture

Five-week-old chick osteoclasts: Osteoclasts werc iso-
lated from white leg homn hatchlings that were maintained
on a low-calcium diet for a period of 5§ weeks.!'" All
animals were treated as humanely as possible and treatment
followed the National Institutes of Health (NIH) and insti-
tutional guidelines for carc and use of experimental animals.
Multinucleated cells from human giant cell tumors of the
bonc werc isolated as previously described.' An
osteoclast-directed monoclonal antibody, 121F (a gift from
Dr. Philip Osdoby, Washington University, St. Louis, MO,
USA), coupled to immunomagnetic beads (Dynal, Inc.,
Oslo, Norway) was used to obtain cell populations that
consist of at least 90% pure multinucleated cells and 10% or
less unidentified mononuclear cells."'>'* The purified oste-
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oclasts exhibit all the phenotypic attributes of osteoclasts
including multinucleation, attachment and ruffled border
formation when cultured with bone particles and the ability
to attach and form resorption pits when cultured on slices of
cortical bone. Osteoclasts were cultured in phenol red-free
a-modified minimal essential medium (Gibco/BRL, Gaith-
ersburg, MD, USA) supplemented with 0.25% (wt/vol) bo-
vine serum albumin (BSA; culture media) on bone slices
prepared as previously described (for transfections)' or
with 1 mg of bone particles per 10° cells as described (for
kinase assays and co-immunoprecipitations('>),

Egg-laying hen osteoclasts: Osteoclasts were isolated as
previously described.’® Briefly, egg-laying hens were
maintained on a low-calcium diet as outlined previously.
After death, ostcoclasts were isolated and cultured as de-
tailed previously.

Transient transfection

isolated osteoclasts were resuspended in culture media on
bone slices. The expression vector (dominant interfering
[K295M]"'® and constitutively active [YS27F]''” pp60src
constructs were gifts from Dr. Courtneidge EMBL; domi-
nant interfering Ras [rasN17)"'® and Raf [K375M]"*’ were
gifts from Dr. Karin, University of California at San Diego)
or the corresponding empty expression vector was tran-
sicntly transfected into the osteoclasts using the Lipo-
fectamine Reagent System (Gibco/BRL) according to the
manufacturer’s instructions. Afier 5 h of culture, media was
supplemented by the addition of charcoal-stripped fetal bo-
vine serum to a final concentration of 10% and the cells
were cultured for an additional 18 h before treatment or
harvest for activity studies.

Analysis of successful transfection

The success of osteoclast transfection was monitored by
analysis of overexpression (comparing cultures transfected
with constructs to vector-only transfected cultures) as fol-
lows. Transfection was done as outlined previously. After
culture, cell pellets on bone slices were detergent-extracted
with cold lysis buffer [NaH,PO,, 100 mM; ethylcne glycol-
bis(B-amino ethyl ether)-N,N,N' ,N'-tetracetic acid (EGTA).
10 mM: EDTA, 10; phenylmethylsulfonyl fluoride,
(PMSF), 1 mM with 1% Triton X-100 (Tx-100); 1% sodium
deoxycholate; 0.1% sodium dodecyl sulfate; and 10 pg/ml
of the following: leupeptin, chymostatin, antipain, and pep-
statin A, pH 7.4]. The extracts were desalted to remove
detergents and plated for ELISA analysis as previously
described.®” Antibodies to pp60src, c-Ras, and c-Raf were
from Upstate Biotechnology (Lake Placid, NY, USA). We
have previously published that a cell-by-cell analysis of this
transfection protocol showed a transfection efficiency of
greater than 90%.

Lysosomal enzyme assays

Osteoclasts plated on bone slices were transfected and
cultured as detailed in the figure legends. The conditioned
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media were harvest for assay as previously described."
Tartrate-resistant acid phosphatase (TRAP) activity was
measured using an assay based on the work of Hofstee.(2?
The initial rate of hydrolysis of o-carboxy phenylphosphate
was determined by following the increase in absorbency at
300 nM resulting from the liberation of salicylic acid. One
unit hydrolyzes 1 umol of o-carboxy phenylphosphate per
minute at 24°C, pH 5.0. The assay was performed in the
presence of 1 mM tartrate. Cathepsin B/K levels were
measured using a substrate that is cleaved by both cathep-
sins by measuring Na-CBZ-lysine p-nitropheny! ester hy-
drolysis as measured by 520 nM absorbance as outlined by
Barrett and Kirschke.”® To standardize for relative cell
number, the protein content of the solubilized cell pellet was
determined using the Bio-Rad protein detection system
(Bio-Rad, Hercules, CA, USA).

Membrane preparation

Osteoclasts were cultured with bone particles as men-
tioned previously and treated with either vehicle or steroid
as detailed in the figure legends. Cell pellets were extracted
and the membranes were fractionated to separate Tx-100
insoluble and soluble components as detailed by Oda et
al.*" Briefly, cell pellets were resuspended in cold lysis
buffer. The cell lysates were centrifuged at 10,000g at 4°C
for 30 minutes. The resulting pellet was washed with an
equal volume of lysis buffer and recentrifuged. The super-
natant was centrifuged at 100,000g at 4°C for 4 h. Pellets
were resuspended in 200 mM HEPES, pH 7. containing
10% glycerol and 0.1% NP-40. The immunomagnetic beads
were removed by magnetic sorting and the protein concen-
trations of the samples were determined by the Bio-Rad
protein quantitation system.

Immunoprecipitation

Equal protein in equal volumes within each experiment
were used in the immunoprecipitations to standardize for
relative cell number as mentioned previously. Sodium do-
decy! sulfate (SDS) was added to a final concentration of
0.3%. The extracts were precleared for nonspecific binding
by incubation with protein A/G (Oncogene Research Prod-
ucts, Cambridge, MA, USA) for 60 minutes, followed by
centrifugation at 13,000 rpm at 4°C for 30 minutes. Kinase
immunoprecipitation was carried out using specific antibod-
ies (anti-pp60src, Oncogene Science, Uniondale, NY; anti-
Yes: a gift of M. Sudol, Rockefeller University; anti-Fvn
and anti-Lyn: Upstate Biotechnology) as suggested by On-
cogene Science in the product literature using a protein A/G
complex to aggregate the immunoprecipitate.

Kinase assay

Tyrosine kinase activity was assayed using a kit from
Upstate Biotechnology according to the manufacturer’s in-
structions. Briefly, pellets were resuspended in 25 ml of 200
mM HEPES, pH 7, with 10% (vol/vol) glycerol, 0.1%
NP-40, and 0.1% SDS and the specific tyrosine kinase

PASCOE AND OURSLER

(c-Src, c-Yes, c-Fyn, or c-Lyn immunoprecipitated using the
protocol provided by Upstate Biotechnology with the c-Src,
c-Fyn, and c-Lyn antibodies). Samples were resuspended in
50 mM Tris, pH7, 25 mM MgCl,, 5 mM MnCl,, and 0.05
mM Na,VO,. Substrate (KVRKIGEGTYGVVKK), 0.03
mM in water or an equal volume of water, was added to
equal aliquots. **P-y ATP (NEN, Boston, MA; final con-
centration of 0.1 mM ATP, specific activity, 1000 cpmy/
pmol) was added and the samples were transferred to a 30°C
water bath to initiate the reaction. The reaction was stopped
after 20 minutes by the addition of trichloroacetic acid to a
final concentration of 15%. The samples were centrifuged at
300 rpm for 5 minutes to remove precipitated proteins.
Equal volumes of the supernatant were spotted onto 1.5
cm X 1.5 cm p80 phosphocellulose filter paper squares
(Fisher Scicentific, Pittsburgh, PA, USA). The squares were
washed four times with excess 0.75% phosphoric acid,
immersed in scintillation fluid, and counted.

Statistical analysis

The results represent the mean += SEM of three separate
experiments. The effect of treatment was compared with
control values by one-way analysis of variance (ANOVA);
significant treatment effects were further evaluated by the
Fisher’s least significant difference method of multiple
comparisons in a one-way ANOVA. Tests were carried out
using Apple software, obtained from StatView I (Abacus
Concepts, Inc., Cupertino, CA, USA).

RESULTS

The role of pp60sre/c-Ras/c-Raf in osteoclast
Ivsosomal enzyme secretion

We have used transient expression of either dominant
interfering pp60src, c-Ras, or c-Raf constructs to explore
the potential role of pp60src signal transduction in oste-
oclast lysosomal enzyme secretion (Fig. 1). Transient ex-
pression of individual dominant interfering constructs in-
creased secretion of cathepsin B/K and TRAP. In contrast,
a constitutively active pp60src construct decreased lysoso-
mal enzyme secretion of the isolated osteoclasts (Fig. 2).

Estrogen effects on pp60src tyrosine kinase activity

It has been well documented that pp60src association
with the cytoskeletal network is important in its cellular
functions.®* 2 Moreover, recent data have shown that the
SH2 domain of pp60src is required for osteoclast func-
tion.®® Our data have documented that estrogen decreases
lysosomal enzyme gene expression and secretion while in-
creasing intracellular levels of the enzymes.®" In consid-
eration of these facts, we have examined the time course of
the influence of 17BE, on osteoclast Tx-100) soluble and
insoluble membrane localization of pp60src tyrosine kinase
activity. There was a rapid decrease in Tx-100 insoluble
membrane-associated activity, which was detected within 1
minute of treatment and decreased progressively throughout
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FIG. 1. Effects of dominant interfering pp60src, c-Rus, or c-Raf on
lysosomal enzyme secretion. Isolated osteoclasts were plated on bone
and transiently transfected with either the respective empty vector
(VEC), a vector containing a constitutively active pp60src construct
(SRC++), c-Ras, or c-Raf as described. Influences of expression on (A)
cathepsin B and (B) TRAP secretion were carried out as described. In
all cases, there was & minimum of a 100-fold increase in expression of
the respective protein compared with vector-transfected cultures. *p <
0.01 comparing vector-transfected cells 1o respective  expression
vector-transfected cells.
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FIG. 2. Effects of pp60src on estrogen regulation of osteoclast lyso-
somal enzymc sccretion. Isolated osteoclasts were plated on bone and
transicntly transfected with either empty vector (VEC) or a vector
containing a constitutively active pp60src construct (SRC+) on (A)
cathepsin B and (B) TRAP secretion were carried out as described. In
all cases, there was a minimum of a 100-fold increase in expression of
pp60src comparing SRC+ to vector-transfected cultures. *p < 0,01
comparing vector-transfected cells to expression vector-transfected
cells.

the maximum culture period of 24 h of 107% M 178E,
treatment (Fig. 3). The detergent soluble membrane pp60sre
tyrosine kinase activity increased over this time period. The
total amount of pp60sr¢ protein in each of these fractions
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FIG.4. (A) Effcects on human osteoclast-like cells. Isolated cells were
cultured with cither vehicle (control) or 10™% M 178E, (treated) for 10
minutes and assayed for pp60src kinase activity in the TX-100 insol-
uble (10K) and soluble (100K) fractions as described. The results are
the mean = SEM of three separate experiments. (B) Effects on egg-
laying hen osteoclasts. Isolated osteoclasts were cultured with either
vehicle (controf) or 107% M 178E, (treated) for 10 minutes and assayed
for pp60src kinase activity in the TX-100 insoluble (10K) and soluble
(100K) fractions as described. The results are the mean = SEM of three
separate experiments, *p << 0.05; **p < 0.00]1 comparing treated with
zero time

was not significantly altered with treatment (data not
shown). To determine whether 10™% M 17BE, had a similar
effect on mammalian osteoclast-like cells. we used multinu-
cleated cells isolated from human giant cell tumors of the
bone. In this model, we observed a response similar to the
avian osteoclasts (Fig. 4A). We and others have shown that
osteoclasts isolated from egg-laying hens do not respond to
estrogen treatment with altered resorption activity.!!¥ Our
studics have shown that there is no evidence of nuclear
binding of estrogen in these cells. We have examined the
effects of 107 M 178E, on pp60src kinase activity and
similarly are unable to detect any influence on Tx-100
soluble or insoluble-associated activity (Fig. 4B). We next
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FIG. 5. Influence of 17BE, dose on response. Isolated osteoclasts
were cultured with either vehicle (0) or the indicated concentration of
17BE, for 10 minutes. Cell peilets were harvested and assayed for
pp60src kinase activity in the TX-100 insoluble (10K) and soluble
(100K) fractions as described. The results are the mean * SEM of three
separate experiments. *p < 0.05; **p < 0.001 comparing treated with
vehicle (0).

examined a broad range of 178E, concentrations for effects
on Tx-100 soluble and insoluble membrane association of
pp60src kinase activity (Fig. 5). At 107'? M 17BE.,, there
was a significant decrease in Tx-100 insoluble membrane
association of pp60src kinase activity. This decrease pro-
gressively expanded up to the maximum concentration ex-
amined, 10™% M. Moreover, there was a dose-dependent
increase in detergent soluble membrane-associated tyrosine
kinase activity. For subscquent studies, we elected to exam-
ine osteoclast responses after 10 minutes of 10~ M steroid
treatment.

To further examine the involvement of the estrogen re-
ceptor in this 17BE,-induced response, we examined the
influence of the inactive estrogen stereoisomer 17aE, and
cotreatment with E, and the receptor antagonist ICI 182—
780 (Fig. 6A). Neither the inactive stereoisomer nor the
estrogen antagonist had any significant effect on Tx-100
soluble and insoluble membrane—associated pp60src Tx-
100 kinase activity. In contrast to the expected effects of
178E, alone, cotreatment with 178E, and the estrogen
antagonist inhibited the 178E, response. To determine the
steroid specificity of Tx-100 insoluble membrane-
associated pp60src kinase activity changes, the response to
treatment with 107% M of dexamethasone, dihydroxy tes-
tosterone, or the progestin R5020 responses were compared
with the response to 17BE, after 10 minutes of treatment
(Fig. 6B). The responses to treatment with the other steroids
did not follow a pattern similar to that with estrogen treat-
ment.

Osteoclasts contain high levels of ¢-Fyn, ¢-Lyn, and c-Yes
in addition to pp60sr¢™*”; so we have examined how 17BE,
eftects the membrane localization of tyrosine kinase activity
of these members of the Src family (Fig. 6C). In contrast to
the decrease measured after immunoprecipitation of
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kinase activity after precipitation of the kinase with specific antibodies
to the Sr¢ family members indicated as described. The results are the
mean = SEM of three separate experiments. *p < 0.05; **p < 0.005;
***p < 0.00]1 comparing treated with vehicle.




Src REGULATION OF OSTEOCLAST ENZYME SECRETION

VEH
ESTROGEN

cathepsin
mUnits/ug protein

VEC SrC” VEC  RAS™ VEC RAF

O veH
KIESTROGEN

TRAP
mUnits/ug protein

CONSTRUCT

FIG. 7. Effccts of dominant interfering expression of cither pp60sic.
¢-Ras, or c-Raf on estrogen regulation of osteoclast lysosomal enzyme
scerction. Isolated osteoclasts were plated on bone and transiently
transfected with cither the respective empty vector (VEC), a vector
containing a dominant interfering expression construct for pp60src
(SRC-), c-Ras (Ras-). or c-Raf (Raf-) before 178E, treatment as de-
scribed. Influences of expression with and without 178L, treatment on
(A) cathepsin B and (B) TRAP secretion were carried out as described.
In all cases, there was a minimum of a 100-fold increase in expression
of the respective protein compared with vector-transfected cultures.
*p < 0.01 comparing vehicle (VEH) to 17BE,-treated cells: **p <
0.01 comparing vehicle-treated--transfected cells to vehicle-treated
vector-only transfected cells; §p < 0.01 comparing 17BE2-treated—
transfected cells to 178E,-treated vector-only transfected cells.

pp60src. there appeared to be an increase in Tx-100 insol-
uble membrane-associated c-Yes kinase activity after E,
treatment, but no significant influence of 178E, on the
localization of c-Fyn and c-Lyn. Moreover, there was a
sighificant decrease in c-Yes kinase activity and no signifi-
cant effects on c-Fyn or c-Lyn kinase activity in Tx-100
soluble membranes.

To further cxplore the interactions of 17BE,. pp60src
signal transduction and the regulation of lysosomal enzyme
sccretion, we have examined the interactions of the domi-
nant interfering and constitutively active constructs on
17BE, regulation of lysosomal enzyme secretion. Dominant
interfering pp60src. c-Ras, or c-Raf individually enhanced
the 17BE, effects on osteoclast activity (Fig. 7) whereas
constitutively active pp60src blocked 178E, effects on ly-
sosomal enzyme secrction (Fig. 8).

DISCUSSION

For several years, it has been apparent that osteoclast
function was dependent on the presence of pp60src. Mice
Jacking pp60src contained osteoclasts that were nonfunc-
tional and failed to form a clear zone when present adjacent
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to bone surfaces.” Recent data have revealed two key
factors important in the progress of understanding the role
of pp60src in osteoclast activity. One key element in this
was the observation that kinase-defective pp60sr¢ could
replace wild-type pp60src in restoring osteoclast function in
transgenic s¥¢~'~ mice.'” Another important observation
was that the SH2 domain of pp60src is critical for osteoclast
migration, not the kinase domain.® The SH3 domains of
proteins are involved in protein-protein interactions through
interactions with other SH3 domains.®" In pp60src, the
SH3 domain also localizes pp60src in the cytosol and par-
ticipates in interactions between the tail and the SH2 do-
main when the protein is inactivated.”** > The conforma-
tion of the SH3 domain of pp60src alters after
phosphorylation of Y527 and subsequent interactions of the
tail region with the SH2 domain.®® Thus, although pp60src
kinase activity is not required for pp60src function in oste-
oclasts, phosphorylation and inactivation of wild-type
pp60src will alter conformation of the SH3 domain, block-
ing efficient function of the SH3 domain and blocking
pp60sr¢ function in osteoclasts.

Signaling after activation of pp60src may involve a num-
ber of pp60src substrates.*” Many of these pathways lead
to activation of c-Ras and subsequent activation of c-Raf.C¥
These events ultimately can lead to alteration in a number of
cellular processes, depending on the interactions and inte-
gration of the variety of stimuli a cell encounters. We have
used dominant interfering constructs of pp60src, c-Ras. and
c-Raf to investigate the role of this signaling pathway in
regulating osteoclast lysosomal enzyme secretion. The
dominant interfering pp60src mutation functionally blocks
the kinase activity without interfering with the SH2 or SH3
domain amino acid scquences. Interestingly, blocking the
Src/Ras/Raf signaling pathway greatly stimulated sccretion
of lysosomal enzymes while expression of a constitutively
active pp60src construct decreased secretion. These data,
taken together with the ability of kinase-defective pp60sr¢
to rescue the sr¢™ '~ phenotype, suggests multiple roles of
pp60src in osteoclast activity.”? The kinase domain is not
involved in the ability of osteoclasts to form ruffled borders
and resorb bone.” The data presented here supports that
activation of the Src/Ras/Raf pathway is involved either in
regulation of the rate at which lysosomal enzymes are
secreted or directional targeting. The later possibility is
raised by the fact that we measure lysosomal enzyme accu-
mulation in the conditioned media, not the amount of en-
zyme in the resorption lacunae. Thus, inappropriate target-
ing of lysosomal enzymes could cause an increased
accumulation in the overall media while decreasing release
Jjuxtaposed to the bone surface.

The pp60src association with the membrane cytoskeleton
has been well documented.?® 223949 Several investigations
have shown that in platelets, pp60sre cytoskeletal associa-
tion changes in responsc to multiple stimuli including
platelet-activating factor; thrombin and interaction with 11b-
[11a®>** have shown that association of pp60src with the
platelet cytoskeletal membrane requires platelet aggregation
and actin polymerization. This response is very rapid. oc-
curring within less than 10 minutes of treatment, suggesting
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FIG. 8. Effects of expression of constitutively active pp60src on estrogen regulation of osteoclast lysosomal enzyme secretion. Isolated
osteoclasts were plated on bone and transiently transfected with either empty vector (VEC) or a vector containing a constitutively active pp60sre
construct (SRC+) on (A) cathepsin B and (B) TRAP secretion were carried out as described. In all cases, there was a minimum of a 100-fold
increase in expression of pp60sr¢ comparing SRC+ to vector-transfected cultures. *p < 0.01 comparing vehicle (VEH) to 17BE,-treated cells;
**p < 0.01 comparing vehicle-treated-transfected cells to vehicle-treated vector-only transfected cells; §p < 0.01 comparing 17BE;-treated~

transfected cells to 178E,-treated vector-only transfected cells.

that this is a very early response to stimulation. Migliaccio
et al.“*") have showed that 178E, rapidly increases transient
protein tyrosine phosphorylation (PTP) in estrogen target
cells and that the kinase involved is closely related to
pp60src. Our data shows a rapid and sustained dose-
dependent decrease in cytoskeletal pp60src kinase activity
and an increase in noncytoskeletal pp60src kinase activity
that is specific to 178E, and antagonized with a specific
estrogen antagonist. The ability of the estrogen receptor
antagonist to block 178E, effects successfully supports that
the response is mediated by estrogen receptors. This point is
further strengthened by the lack of a response in hen oste-
oclasts because we and others have shown that hen oste-
oclasts do not contain estrogen receptors.”'” Interestingly.
Brubaker and Gay'*?’ have shown rapid 178E,-mcdiated
translocation to the plasma membrane and phosphorylation
of pp60src in osteoclasts. They also documented a transitory
increase in pp60src kinase activity. The transitory nature of
thesc responses is in contrast to the sustained changes in
pp60src kinase activity shown here. The cause of this dis-
crepancy may be that osteoclasts in the studies detailed here
were engaged actively in bone degradation whereas the
studies of Brubaker and Gay were carried out with oste-
oclasts not plated on bone. These differences in the oste-
oclast state of activation may account for these differences.

Several steroids have been shown to cause rapid re-
sponses in target cells that arc presumed to use nongenomic
mechanisms, because the responses are too rapid to be the
result of the classical genomic effects of steroids. Nanomo-
lar concentrations of estrogen caused a rapid alteration in
osteoclast acidification.*>**) These data confirm that 178E,
treatment activates nongenomic responses in osteoclasts.
Several of the nongenomic effects of steroids in other cells
involve activation of protein kinase C and/or changes in
intracellular calcium levels. Our initial attempts to examine
intracellular calcium changes as well as cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophos-
phate (cGMP) changes have not shown any effect of 178E,
on these second messenger systems (data not shown).

In addition to high levels of pp60sre, osteoclasts contain
high levels of c-Fyn, c-Yes, and c-Lyn. all of which are at

levels similar to that of platelets.®® In sr¢™'~ mice, there
are no apparent defects in platelet function, supporting that
other members of the Src family are able to substitute for
the lack of pp60src in platelets. As noted previously, oste-
oclasts are present but nonfunctional in s7¢™"" mice. This
suggests that other members of the Src family are unable to
functionally replace pp60src in sr¢™'~ osteoclasts. Interest-
ingly. 17BE,-induced change in membrane localization of
pp60src kinase activity is not paralleled by similar alter-
ations in c-Lyn, c-Yes, or c-Fyn tyrosine kinase activity,
supporting that the decreased cytoskeletal-associated and
increase noncytoskeletal-associated tyrosine kinase activity
alterations may be restricted to pp60src changes. Although
the pattern differed from that of pp60src, there were striking
changes in the phosphorylation activity of c-Yes. Clarifica-
tion of the role of these changes in osteoclast activity awaits
further study.

Because dominant interfering pp60src, c-Ras, or c-Raf
expression stimulated lysosomal enzyme secretion and es-
trogen altered pp60src activity, we examined the interaction
of these with 178E,. Dominant interfering constructs in-
creased secretion of lysosomal enzymes yet estrogen treat-
ment of cells expressing these constructs enhanced repres-
sion of lysosomal enzyme secretion. During normal bone
resorption, lysosomal enzyme secretion is modulated by the
interplay of signals from growth factors, attachment pro-
teins, and other stimuli. Overexpression of the dominant
interfering pp60sre construct shifted this interplay to result
in the elevation of lysosomal enzyme secretion. In the
presence of E,, normal osteoclasts respond to the interplay
of stimulatory and repressive signals with lower lysosomal
enzyme secretion. Overexpression of dominant interfering
pp60src enhanced estrogen effects on the repression of
lysosomal enzyme secretion. This paradoxical effect leads
us to the conclusion that the decrease in osteoclast lysoso-
mal enzyme secretion caused by treatment with 178E, is
not the result of 178E,-mediated activation of noncytoskel-
etal membrane-associated pp60src. However, estrogen-
mediated decreased cytoskeletal-associated pp60src activity
may be involved in these responses. Interestingly, transfec-
tion with the constitutively active pp60src construct during
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17BE, treatment caused an elevation in lysosomal enzyme
secretion. These data suggest that activation of pp60src by
external signaling from sources such as growth factors or
binding to the extracellular matrix are able to overcome
17BE,-stimulated decreases in lysosomal enzyme steady-
statc messenger RNA (mRNA) levels.

The data presented here support that the pp60src/Ras/Raf
signaling pathway is important in ostcoclast lysosomal en-
zyme secretion and the role of pp60src in regulating oste-
oclast activity is likely to be complex and multiple factors
must interplay in influencing this activity.
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Abstract

Articular cartilage has a limited ability to repair itself. Periosteal grafts have chondrogenic potential and are used clinically to
repair defects in articular cartilage. An organ culture model system for in vitro rabbit periosteal chondrogenesis has been established
to study the molecular events of periosteal chondrogenesis in vitro. In this model, bone morphogenetic protein-2 (BMP2) mRNA
expression was found to be upregulated in the first 12 h. BMPs usually transduce their signals through a receptor complex that
includes type 1I and either type IA or type IB BMP receptors. Receptors 1A and IB play distinct roles during limb development. We
have examined the temporal expression patterns for the mRNAs of these receptors using our experimental model. The mRNA
expression patterns of these three BMP receptors differed from one another in periosteal explants during chondrogenesis. When
these explants were cultured under chondrogenic conditions (agarose suspension with TGF-B1 added to the media for the first 2
days), the expression of BMPRII mRNA and that of BMPRIA mRNA varied only slightly and persisted over a long time. In
contrast, the expression of BMPRIB mRNAwas upregulated within 12 h, peaked at day 5, and fell to a level that was barely detected
beyond day 21. Moreover, the expression of BMPRIB mRNA preceded that of collagen type IIB mRNAs, a marker for matrix-
depositing chondrocytes. These data support a role for coordinate expression of BMP2 and its receptors early during periosteal
chondrogenesis. © 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

Since articular cartilage lacks both blood supply and
mesenchymal progenitor cells, it has a limited potential
for self-repair [7]. Autologous periosteal transplantation
is a viable approach to repair a defect in articular car-
tilage since periosteum, the thick outer layer of bone,
has both osteogenic and chondrogenic potential [15-18].
The molecular mechanisms regulating periosteal chon-
drogenesis are, however, poorly understood. We have
established an organ culture model system to study
periosteal chondrogenesis in vitro [14]. In this model,
periosteal explants produce cartilage when cultured in
agarose and this process is enhanced by exogenously

" Corresponding author. Tel.: +1-507-284-4570; fax: +1-507-266-
4234,
E-mail address: odriscoll.shawn@mayo.edu (S.W. O’Driscoll).

added TGF-B1. During our search for the expression of
potential regulatory factors in this model, we observed
an upregulation of bone morphogenetic protein-2
(BMP2) mRNA during culture in agarose [23]. This up-
regulation was enhanced by the exogenous addition of
TGF-B1 and was transcriptionally regulated, implicat-
ing BMP2 signaling in this process.

Bone morphogenetic proteins (BMPs) are members
of the TGF-B superfamily of proteins and are involved
in a variety of developmental processes including
chondrogenesis [3]. They were originally detected and
purified from bone for their ability to induce ectopic
cartilage and bone formation [29-31]. The upregulation
of BMP2 supports our hypothesis that members of
the TGF-B superfamily of growth factors are regulators
of periosteal chondrogenesis. BMPs transduce signals
through transmembrane serine-threonine kinase recep-
tors [8,9]. The BMP receptor complex is a heterodimer

0736-0266/02/$ - see front matter © 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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consisting of type I (BMPRI) and type II (BMPRII)
receptors. There are two type I receptors, BMPRIA and
BMPRIB [6,26]. Similar to TGF-p, BMPs first bind to
a type II receptor followed by the recruitment of a type
I receptor to form the heteromeric complex. Trans-
phosphorylation of the type I receptor by the type II
receptor then takes place triggering the downstream
signaling [9,12,19]. BMPR IA and IB have distinct
functions during the formation and differentiation of
cartilage. BMPRIA appears to regulate chondrocyte
differentiation whereas BMPRIB initiates apoptosis and
cartilage formation [32].

To ascertain which type I receptor could be acting
during periosteal chondrogenesis in our system, inves-
tigation of the temporal mRNA expression patterns is
necessary. Because of limited availability of the starting
material (rabbit periosteal explants) and hence the
amount of total RNA, we employed RT-PCR instead
of northern blot analysis or RNase protection assay to
study the expression patterns of the three types of
mRNAs. Since the experimental model for in vitro
periosteal chondrogenesis is rabbit-based and RT-PCR
relies on the use of species-specific sequences, we report,
in this paper, the isolation of rabbit-specific partial
cDNA sequences of BMPRIA, 1B and BMPRII. We
found that during periosteal chondrogenesis the ex-
pression of all the three mRNAs is modulated. Inter-
estingly, the mRNA for collagen IIB, a marker for
chondrogenesis, was increased subsequent to the peaks
in BMPR expression.

Materials and methods
Culture of periosteal explants

A total of 336 periosteal explants (2 x 3 mm?) were harvested from
proximal tibiae of 21 rabbits (two months old). Three hundred and
twelve explants were cultured in agarose in the presence of 10% fetal
bovine serum (FBS) with or without TGF-B1 (10 ng/ml) as described
by O’Driscoll et al. {14]. TGF-B1, however, was present in the medium
only for the first two days of culture. Periosteal explants, after culture
for a desired period, were washed with phosphate buffered saline (PBS)
and then pooled (12 explants/group).

Preparation of total RNA and synthesis of cDNA

Total RNA from rabbit tibiae pulverized in liquid nitrogen or from
pooled periosteal explants was prepared using Trizol™ reagent as
described by Sanyal et al. {21]. 2 ug of total RNA was treated with
DNase I and then converted to ¢cDNA using superscript 11 reverse
transcriptase and random primers as described previously [21].

Polymerase chain reaction

20 pl reaction mix for polymerase chain reaction (PCR) contained
10 mM tris-HC1 pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 0.001% gelatin,
200 pM dNTPs, 2 pmol of each sense (S) and antisense (AS) primers, 1
pul cDNA (40 ng of RNA) as template, and 0.5 units of Tag DNA
polymerase. The template was initially denatured at 94°C for 7 min.
PCR was performed (for different numbers of cycles as described in the
legends to figures) with annealing at 60°C (or as described in the leg-
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ends to figures) for 2 min, elongation at 72°C for 3 min and dena-
turation at 94°C for I min.

Isolation of rabbit-specific cDNA sequences

Rabbit-specific cDNA sequences of BMPRIA, IB and BMPRII
were isolated using the method of gene digging (22] which involved two
rounds of PCR using sense (S) and antisense (AS) primers designed
based on the stretches of nucleotide sequences conserved across species
for which the corresponding cDNAs are known. In each case cDNA
from rabbit tibiae was used as a template for the 1st round of PCR
with a 5’ sense (S) and a 3’ antisense (AS) primers. The product of the
1st round of PCR was used as the template for the 2nd round of PCR,
also called seminested PCR, with either the sense or the antisense
primer (as described above) and an internal primer. The following
primers were used for gene digging:

For BMPRIA

* 5'S T(T/IC)AIGYA/G)ACAATGACTCAGCTATACA,

* 3’AS GTCC(T/GYGCGTAGCTGGGCTTT,

* 3'AS (internal) GCA(T/C)TGAAAATCAGA(T/G)CCTTCATA.

For BMPRIB
¢ 5'S C(A/ITY\GGAAAATTAAATGTGGGCACC,

* 3’AS GG(T/C)CCATCAACAAAATCTCTGT,
¢ 3'AS (internal) T(A/GYGGGTG(T/G) AGGTCTTTATTACA.

For BMPRII
¢ 5S GAAGACTCTATCCATCATACTGA,

* ¥AS TGCTCCATGAGATTCTCATCA,
¢ 3AS (internal) AGGTTCTTATCAACTTCTTTTGG.

Both 1st and 2nd round of PCRs were performed for 35 cycles
with annealing temperature at 50°C. The other parameters for PCR
remained same as described above. The amplified products after
seminested PCR were electrophoresed on an agarose gel and the ex-
pected DNA band was excised, purified and then subjected to auto-
mated sequencing using the primers that were used for seminested
PCR.

Densitometry

Densitometry was performed on autoradiographs depicting the
time courses of expression of BMPRIB and collagen type IIB pre-
sented in Fig. 5. Digital scans were obtained of the autoradiographs
that were then analyzed using the “Gel Plotting” macro of NIH Image
1.62 image analysis software. Band densities, less background, were
obtained in arbitrary units and normalized to percent maximum ex-
pression for the time period examined.

Results

Isolation of rabbit-specific partial ¢cDNA sequences of
BMPRIA, BMPRIB and BMPRII mRNAs

We have employed the method of gene-digging [22],
as described in methods section, to isolate rabbit-specific
partial cDNA sequences of BMPRIA and IB (from
the ligand binding domain) and BMPRII (from the
cytoplasmic tail region) mRNAs. This method involves
amplification of a gene segment in the coding region by
PCR using primers designed from the stretches of con-
served nucleotide sequences of the same gene from other
species. A DNA segment of the expected size was am-
plified with semi-nested PCR (Fig. 1(A), lane 2) using
the primers designed based on human, mouse and rat
BMPRIA cDNA sequences [6,24,25]. The nucleotide
sequence of this fragment was 90% identical to human
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2 M 1 2

Fig. 1. Isolation of rabbit-specific cDNA fragments for three BMP
receptor mRNAs by gene digging. Photographs of ethidium bromide
stained agarose gels containing the products of Ist round and semin-
ested PCRs are shown for the isolation of rabbit-specific cDNA
fragments for (A) BMPRIA, (B) BMPRIB and (C) BMPRII, com-
ponents of the BMP receptor complex. In each case, lane 1, Ist round
PCR product obtained by using rabbit tibia cDNA as a template, and
lane 2, seminested PCR product obtained by using 10-fold diluted 1st
PCR product as a template. M indicates 100 bp DNA ladder (Boeh-
ringer Mannheim). The specific cDNA band appeared in the semin-
ested PCR in each case was used for sequencing.

and 89% identical to mouse BMPRIA cDNA sequences
(Fig. 2(A)). The deduced amino acid sequence was 93%
and 91% identical to that of human and mouse cDNAs,
respectively. Similarly, when primers designed based on
human and mouse BMPRIB cDNAs [4,27] were used,
a DNA segment of expected size was amplified in the
semi-nested PCR (Fig. 1(B), lane 2). The nucleotide se-
quence of this fragment was 90% identical to human
cDNA (Fig. 2(B)). The deduced amino acid sequence
of this fragment was 99% and 97% identical to that of
mouse and human cDNAs, respectively. Again, the
nucleotide sequence of the amplified product (Fig. 1(C),
lane 2), isolated using primers designed based on human
and mouse BMPRII ¢cDNAs [5], was 88% homologous
to human and 85% homologous to mouse cDNA se-
quences (Fig. 2(C)). Deduced amino acid sequence of
this fragment was 91% and 92% identical to that of
human and mouse cDNAs, respectively. These results
suggest the acquisition of rabbit-specific partial cDNA
sequences of the aforementioned mRNAs.

Basal level of expression of BMPRIA, IB and BMPRII
mRNAs in periosteum

To determine if periosteum expresses BMPRIA,
BMPRIB and BMPRII mRNAs, the total RNA from
periosteal explants (used right after harvest and not
cultured) was analyzed by RT-PCR using rabbit-specific
primers for these mRNAs (Table 1) designed based on
the above-mentioned sequences. PCRs were performed
separately for different numbers of cycles for each re-
ceptor mRNA. The results show that all three receptor
mRNAs were amplified indicating their presence in the
periosteal explants (Fig. 3). The identity of each PCR-
amplified band of the expected size was determined by

direct sequencing. This indicates that the primers we
have designed based on the isolated sequences, can be
used to study the patterns of expression of three BMP
receptor mRNAs by RT-PCR. The data from this ex-
periment were also used to determine the exponential
phase of amplification by log plot analysis for each
mRNA (data not shown) based on which we chose 30
cycles of amplification for later experiments.

Upregulation of BMPRIA, IB and BMPRII mRNAs
early during periosteal chondrogenesis

Since BMP2 mRNA expression is upregulated in
periosteal explants within 12 h (i.e. 0.5 days) of culture
in agarose with and without TGF-Bl and remained
upregulated more than a week [23], we sought to de-
termine if any of the BMP receptor mRNAs were ex-
pressed during this time. To address this issue we
cultured periosteal explants in agarose in the presence of
FBS with and without TGF-81. The explants were
harvested after 0.5, 1, 2 and 5 days of culture. Initially
the expression of BMPRIA, IB and BMPRII mRNAs
was examined by RT-PCR on RNAs prepared from
these explants. RNA from day 0 explants (used right
after harvest) was also included. The results presented in
Fig. 4 indicate that the mRNAs of all the three BMP
receptors were present in the explants at all the time
points tested with and without TGF-B1 treatment. In
explants cultured without TGF-B1 (Fig. 4, lanes 2, 4, 6,
and 8), the levels of BMPRII and BMPRIB mRNAs
were below their respective basal levels up to day 2
followed by a pronounced increase on day 5 for both.
The level of BMPRIA mRNA in these same explants, on
the other hand, was close to its basal level at these time
points. Explants treated with TGF-B1 (Fig. 4, lanes 3, 5,
7, and 9), which enhances chondrogenesis, contained
more mRNAs than the untreated explants for all the
three types of receptor mRNAs at all the time points
tested during culture. Altogether, the results suggest
that, during periosteal chondrogenesis all the three
mRNAs are upregulated. Since TGF-B1 influences the
timing and magnitude of the process, we chose to per-
form the rest of our experiments with TGF-B1 treated
explants for subsequent studies.

Upregulated BMPRIB mRNA expression precedes colla-
gen type IIB mRNA expression

To determine how long the expression of BMP re-
ceptor mRNAs persist, we examined the expression of
all the three receptor mRNAs in TGF-f1 treated ex-
plants over a longer period of time (to include the time
of cartilage production by the explants). For this, we
cultured the periosteal explants in agarose in the pres-
ence of FBS with TGF-B1. The explants were harvested
after 0.5, 1, 2, 5, 7, 10, 14, 21, and 28 days of culture.
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Fig. 2. .l.\lignment of the rabbit (rb), human (hu), and mouse (m) partial cDNA sequences of BMPRIA (A), BMPRIB (B), and BMPRII (C). Identical
.nuc.:leo.tldes are indicated by dashes. The deduced amino acid sequence of the rabbit-specific cDNA is shown on top of the rabbit nucleotide sequence
in italics. The amino acids that distinguish mouse and human homologues from the rabbit one are indicated (bold italics).
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Table 1
Nucleotide sequences of the rabbit-specific primers used for specific amplification of segments of different mRNAs
cDNA Primer sequence Target size
BMPRIA S SGTTCATCATTTCTCGTGTTCACGGAY 209 bp
AS SGGCAAAGCAATGTCCATTAGTTATG3'
BMPRIB S SGTGGGCACCAAGAAAGAGGATGG3 246 bp
AS SGGATCTTCTTTGATGAGGAATGGGY
BMPRII S SCGTGTCCAGCACACCTTTGACTAY 276 bp
AS SAAGTCTTCTTCTGTTAGCTGTAAGCY
COLIIB? S SGGGCCAGGATGTCCGGAAACCAY 215 bp
AS SCCAGGGGGGCCCGGATTTCCAY
GAPDH® S S'CTGGCCAAGGTCATCCACGACY 400 bp
AS 5GAGGAGTGGGTGGCACTGTTGY

# Sanyal et al. [20].
® Applequist et al. [1].

24 Cycles

i BMPRIA
i BMPRIB

. BMPRII

Fig. 3. Autoradiograms of agarose gels showing the expression of
BMPRIA, BMPRIB and BMPRIT mRNAs in native periosteum taken
from the rabbits on day 0 and not cultured. PCR was performed on
c¢DNAs from the explants (day 0) for different numbers of cycles for
each mRNA in the presence of **P dCTP. The radioactive products
were electrophoresed, in triplicate, on agarose gels, dried under vac-
uum, then imaged by autoradiography.

The expression of BMPRIA, IB and BMPRII mRNAs
were examined by RT-PCR on RNAs prepared from
these explants. Expressions of GAPDH mRNA, an
internal control to monitor the quality of the cDNA
preparations, and collagen type IIB mRNA, a marker
for articular cartilage, were also examined. Our results
show that levels of BMPRIB mRNAs were upregulated,
reached a peak on day 5 and then markedly down reg-
ulated (Fig. 5). In fact, BMPRIB mRNAs were barely
detected by day 21. Expression of BMPRII mRNAs,
however reached a peak between day 5 and day 10 and
persisted at an elevated level for the rest of the time
periods tested (Fig. 5). The pattern of expression of
BMPRIA mRNA was closer to that of BMPRII than
that of BMPRIB. Collagen type IIB mRNAs were
expressed predominantly from day 10 onwards, indi-
cating the onset of chondrogenesis in periosteal explants
(Fig. 5).

Discussion

BMPs exert their influences through a BMP-specific
receptor complex [8,9]. As is the case with the prototype

BMPRIA

* BMPRIB

300bp-
200 bp -

100 bp -

Fig. 4. Autoradiograms of agarose gels showing expression of
BMPRIA, BMPRIB and BMPRII mRNAs early during periosteal
chondrogenesis in the absence (—B) or presence (+B) of TGF-BI (ad-
ded only for the first two days). cDNAs from periosteal explants,
cultured in agarose for the first 5 days, were used for the amplification
of the three BMP receptor mRNAs by PCR for 30 cycles with the
corresponding rabbit-specific primers in the presence of *2P dCTP. The
radioactive products were electrophoresed in agarose gels, dried under
vacuum followed by autoradiography. The results show upregulation
of all three mRNAs during periosteal chondrogenesis and the process
is enhanced by TGF-f1.

TGF-B, BMPs bind to the type II receptor subunit,
causing complexing and phosphorylation of a type I
subunit. This activates signal transduction and biologi-
cal effects. Unlike TGF-B, there are two type I isoforms
capable of activating BMP signaling. Data suggest
that BMPRIA and IB play distinct roles in limb de-
velopment. By transfecting chicken embryos with kin-
ase defective and constitutively active BMPRIA and
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# BMPRIA

= COL IIB
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Fig. 5. Time courses of expression of three BMP receptor mRNAs
compared to that for collagen type IIB and GAPDH mRNAs during
periosteal chondrogenesis in the presence of TGF-$1. PCR was per-
formed for 30 cycles with rabbit-specific primers (col IIB primers were
annealed at 72°C) for each mRNA using cDNAs from explants, cul-
tured in agarose for 0.5-28 days. TGF-B1 was added to the medium
only for the first two days. The radioactive products were electro-
phoresed in agarose gels, dried under vacuum followed by autoradio-
graphy. BMPRIB mRNA, unlike BMPRIA and BMPRII mRNAs,
was expressed mainly before collagen type IIB mRNA.

BMPRIB, Zou et al. [32] have demonstrated that these
two receptors function distinctly during chick limb de-
velopment. While BMPRIA regulated chondrocyte dif-
ferentiation, BMPRIB was required for the initial steps
of chondrogenesis and mediated programmed cell death.
Expression studies of the two type I receptors using
in situ and immunohistochemistry also support distinct
roles of BMPRIA and BMPRIB during embryonic
development. While BMPRIB is expressed in the pre-
cartilage condensations, BMPRIA is expressed in the
rapidly growing loose mesenchymal cells surrounding
the precartilaginous condensations [2} and in the pre-
hypertrophic zone [32]. Interestingly, Volk et al. have
utilized dominant negative BMPRs and shown that
BMPR IB blocked BMP-induced hypertrophy more
effectively than BMPRIA in upper sternal chondrocytes
[28].

In our system, BMP2 mRNA is upregulated within
12 h and is barely detected after 14 days of culture
during periosteal chodrogenesis [23]. As a result of this
observation, we have sought to elucidate the expression
patterns of the components of the BMP receptor com-
plex during this process. Isolation of rabbit-specific
partial cDNA sequences of the three types of BMP
receptor mRNAs was a prerequisite for our investiga-
tion. The cDNA sequences, obtained by gene-digging,
showed strong homologies at both nucleotide and amino
acid level to the corresponding cDNAs of other species,
suggesting the acquisition of rabbit homologues of those
mRNAs.

Examination of the short-term culture of explants
reveals that BMPRIA mRNA is expressed and the level
increases gradually, but this increase is slight. Moreover,
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Fig. 6. Relationship of BMPRIB and collagen IIB mRNA expression
in our proposed model of chondrogenesis [13]. Densitometric analysis
from Fig. 5 was calculated as the percentage of maximum intensity for
each time point examined. These were overlayed on profiles of pro-
liferation as determined by *H thymidine incorporation, sulfation as
determined by 3°S incorporation, and cartilage formation as deter-
mined by histomorphometry.

TGF-B, which greatly stimulates chondrogenesis, has
only modest influences on the expression of BMPRIA.
This suggests that, while BMPRIA may be important
in chondrogenesis in this system, its expression is not
sufficient to produce extensive cartilage. In contrast to
BMPRIA, BMPRIB mRNA is expressed at low levels
initially, then rise by day 5 of culture. However, its ex-
pression is elevated with TGF-B treatment within 12 h.
BMPRII mRNA levels, while high in uncultured tissue,
fall rapidly in the absence of TGF-f. Intriguingly, TGF-
B appears to maintain BMPRII mRNA expression with
a gradual rise by day 5. Even in the absence of TGF-p,
explant expression of BMPRII mRNA is elevated by
day 5 of culture.

When periosteum was cultured in conditions condu-
cive to chondrogenesis (in the presence of TGF-f1), the
expression of BMPRIB mRNA was upregulated within
the first 24 h of culture. While the expressions of
BMPRIA and BMPRII mRNAs persisted over a pro-
longed period of time, the expression of BMPRIB
was barely detectable beyond day 14. Upregulation of
BMPRIB mRNA by TGF-$1 in chondrogenesis is not
unprecedented. TGF-B1 implanted into the interdigital
mesoderm of chick embryo induces ectopic extra digits
and this chondrogenesis is preceded by the expression of
BMPRIB [10].

Fig. 6 presents relative densitometric intensities of the
mRNAs for collagen type IIB and BMPRIB from Fig. 5
in relationship to proliferation, **S incorporation, and
cartilage formation profiles in our model [13]. Since
BMP2 mRNA increases within 12 h of culture, the rel-
atively constant expression of BMPRIA and BMPRII
mRNAs prior to the elevation in BMPRIB suggests that
early BMP2 influences are likely to include promotion
of chondrocyte differentiation. Once BMPRIB appears,
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influences of BMP2 may expand to include initiation
of chondrogenesis and induction of apoptosis. Our
preliminary data demonstrates that apoptotic cells begin
to appear in our model by week two, suggesting a role of
BMPRIB in mediating this process (unpublished ob-
servations). During limb outgrowth, BMP2 antagonizes
the proliferative effects of fibroblast growth factor on
mesenchymal cells [11]. The timing of the appearance of
BMP2 and its cognate receptors relative to proliferation
in our model supports the possibility that BMP2 may
function similarly in chondrogenesis. Collagen type IIB
mRNA, a marker for matrix-depositing chondrocytes, is
expressed mainly from day 7 onwards, indicating a time
point when osteochondroprogenitor cells in periosteum
are differentiated into chondrocytes [20]. BMPRIB
mRNA is expressed mainly before the appearance of
collagen type IIB mRNA, supporting the possible role
of BMPRIB in chondrogenesis. By 21 days in culture,
3S incorporation peaks in conjunction with the ex-
pression of collagen protein, followed by cartilage for-
mation, which rises rapidly between days 21 and 35 [13].
This profile suggests a potential coordinate expression
of BMP2 and its receptors in modulating early events
during periosteal chondrogenesis. The data presented in
this study open up interesting possiblilities regarding
the roles of coordinate expression of BMPs and their
receptors, but it is clear that any firm conclusion as
to their respective roles will require more definitive ex-
amination. Thus, studies blocking the expression of
BMPRIA, BMPRIB, and BMP2 with subsequent anal-
ysis for periosteal chondrogenesis inhibition are neces-
sary to prove this unequivocally. Since BMPRIB has
been found to be expressed in precartilaginous conden-
sation zones in the developing limb, and its expression
precedes collagen type II expression [32], we suggest the
existence of similar regulatory mechanisms for both
embryonic and periosteal chondrogenesis.

Periosteum contains undifferentiated mesenchymal
cells, with both osteogenic and chondrogenic potential
in its cambium layer [13]. It is unknown neither how and
when these cells are committed to become chondrocytes.
Our observations of upregulation of mRNAs for BMP2
and for components of the BMP receptor complex dur-
ing periosteal chondrogenesis may help in elucidating
this commitment step. Understanding this initial event
will be important not only for improving cartilage repair
by autologous periosteal transplantation but also for
callus (cartilage) formation during fracture healing.
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Abstract

Transforming growth factor-$1 (TGF-1) has been shown to stimulate chondrogenesis in periosteal explants cultured in agarose
suspension. TGF-s exert their cellular effects through a heteromeric cell membrane receptor complex consisting of TGF-p type I
and type I1 receptors. In this study, the spatial and temporal expressions of the type I receptor (TBR-I), type II receptor (TBR-II)
and endogenous TGF-B1 in periosteal explants cultured in vitro were examined using reverse transcription polymerase chain re-
action (RT-PCR) and immunohistochemistry. The temporal changes in the expression of the TBR-I and TBR-II mRNAs correlated
with that of TGF-B1. Exogenous administration of TGF-B1 upregulated the expression of both receptors and of the TGF-1 ligand
in a biphasic pattern. The earlier peak of upregulation was observed at 7 days in culture. A later peak of upregulation was seen at 42
days, at which time cartilage formation reached a maximum. Immunohistochemical studies demonstrated co-localization of TPR-I
and TBR-1 simultaneously among the same cells expressing TGF-B1. TGF-1 treatment increased the expression of TGF-B1, TPR-
I and TBR-II in mesenchymal cells in the cambium layer at 7 days in culture. Small round chondrocytes showed widely distributed
immunoreactivity of TGF-B1, TBR-I and TPR-II in the 42-day explants treated with TGF-B1. These observations support the
hypothesis that TGF-p1 regulates the initiation and formation of cartilage during periosteal chondrogenesis. © 2002 Orthopaedic

Research Society. Published by Elsevier Science Ltd. All rights reserved.

Introduction

Recent advances concerning cell-based and tissue-
based methods for biological repair of damaged articu-
lar cartilage have evoked tremendous interest among
clinicians, scientists and industry. Autologous periosteal
transplantation is one such method under investigation
for the repair of defects in articular cartilage [8,9,13,19,
20,26,33,38,40-45,52,53,64]. Periosteum contains undif-
ferentiated mesenchymal stem cells and periosteal graft-
ing has been shown to be capable of producing new
cartilage in animal experiments [42,52,61] and clinical
studies [13,26,38]. A thorough understanding, which
presently is only elementary, of the molecular and cel-
lular events in this process would, therefore, be helpful

" Corresponding author. Tel.: +1-507-284-2763; fax: +1-507-284-
3826.
E-mail address: odriscoll.shawn@mayo.edu (S.W. O’Driscoll).

in optimizing cartilage formation for the repair of a
damaged joint surface.

An organ culture model system has been established
to study periosteal chondrogenesis in vitro [41]. In this
model periosteal explants from rabbit tibiae produce
cartilage when cultured in agarose suspension. This pro-
cess is significantly enhanced by exogenously added
Transforming growth factor-B1 (TGF-B1) [31,41]. To
date, the location of the cells in the periosteum that are
responsive to TGF-§ have not been identified nor have
the mechanisms of action of TGF-$. Achieving these
steps would clarify how periosteal chondrogenesis might
be regulated and optimized for cartilage repair.

TGF-B1 is a multifunctional polypeptide that regu-
lates a variety of biological functions, including cell
proliferation, differentiation, and extracellular matrix
synthesis [30,58,59]. In previous in vitro and in vivo
studies, TGF-Bl has been implicated as a critical
regulatory molecule in a sequence of events during

0736-0266/02/$ - see front matter © 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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chondrogenesis, but the mechanistic basis of this regu-
lation has not been fully elucidated [23]. In our organ
culture model, enhancement of periosteal chondrogen-
esis by TGFBI1 was identical when 2 days of treatment
with TGF-Bl was compared to 14 days of treatment
[32]. In addition, brief exposure to TGF-B1 for just 30
min at the initiation of the culture period induced a
300% increase in the amount of cartilage that the ex-
plants formed during 6 weeks in culture [33]. These
findings suggest that TGF-B1 may trigger a cascade of
processes regulated by autocrine/paracrine mechanisms
during periosteal chondrogenesis that can be induced at
an early stage.

Recent studies have demonstrated that TGF-Bs exert
their effects by forming a heteromeric complex with two
distinct transmembrane serine/threonine kinase recep-
tors called type I and type II receptors [3,4,28]. TGF-Bs
bind directly to the extracellular domain of the TGF-f
type II receptor (TBR-II). The TGF-P type I receptor
(TBR-I) then binds to the ligand-bound TBR-II, and is
phosporylated by TPR-II, resulting in the initiation of
the intracellular TGF-B signal transduction [5,37,66].
The presence of these receptors is obviously a prereq-
uisite for TGF-f to exert its regulatory function. There-
fore, identification and localization of these receptors
will permit a better understanding of the role and
mechanisms of TGF-Bs function.

As a first step in addressing the molecular mecha-
nisms involved in the regulatory function of TGF-§1
during periosteal chondrogenesis, we investigated the
expression of TBR-I and TBR-II, as well as the expres-
sion of endogenous TGF-B1 with use of a previously
established organ culture model.

Materials and methods
Periosteal explants and tissue cultures

A total of 320 periosteal explants were obtained from 40 2-month-
old New Zealand White rabbits weighing an average of 1.75 kg. Each
animal was given a lethal injection of sodium pentobarbital. The leg was
then shaved, prepared, draped, and exposed in a sterile manner. All
periosteal explants were obtained within 30 min after death. From each
rabbit, 8 (2 x 3 mm) explants were taken from the proximal media tibia
by subperiosteal dissection with a sharp periosteal elevator. These 8
explants were assigned to be cultured for 8 different time periods, as
described below, so that the rabbits were controlled for as a variable.

The culture conditions were as reported in the periosteal agarose
explant model by O’Driscoll, et al. [41]. Once harvested, the explants
were suspended in 1 ml of a 1:1 mixture of 1.0% low Tm agarose gel
(Bio-Rad Laboratories) and x2 normal concentration DMEM (12100-
046; Life Technologies, Grand Island, NY, USA). Once the agarose
had solidified, it was layered with 1.0 ml of “nutrient” media consisting
of DMEM with 10% fetal bovine serum (Life Technologies), 1 mM
proline (an essential protein for type II collagen production) (Sigma
Chemical, St. Louis, MO, USA), penicillin/streptomycin (50 U/m! and
50 pg/ml) (15145-014; Life Technologies), 50 pg/ml ascorbic acid and
10 ng/ml TGF-Bl. The control explants were cultured in an identical
fashion but without the addition of TGF-pl.

The medium above the gel layer was replaced every other day with
nutrient media as described above. No TGF-B was added after the

second day. In other words, the explants that were treated with TGF-
B1 were exposed to it only for the first 48 h. Vitamin C, 25 pg/ml, was
added daily to each well. The cultures were maintained at 37 °C and
5% carbon dioxide mixed with room air.

Seventeen to twenty explants treated with and without TGF-81,
respectively, were removed from culture on each of the following days:
2, 5,7, 14, 21, 28, 42, and 56. Twelve explants from each time point
were randomly selected for analysis of gene expression and the re-
mainder was analyzed histologically and immunohistochemically as
described below.

Total RNA extraction and ¢cDNA preparation

Total RNA from 192 of the aforementioned 320 cultured periosteal
explants (12 explants per time point) was extracted as previously de-
scribed [54]. A single pool of total RNA was obtained for each time
point and TGF-B treatment (i.e., 16 total RNA pools in all). From
each of these total RNA pools 2 pools of first strand cDNA were
synthesized by reverse transcription [54]. Synthesized cDNA (20 pl)
was diluted with 30 pl of 1xTE (10 mM Tris-HC], 0.1 mM EDTA)
and stored at —20 °C.

Polymerase chain reaction

Polymerase chain reaction (PCR) was carried out in a 20 pl reac-
tion mixture 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCi,,
200 pM dNTPs, 2 pmol of each primer, 1 pl of cDNA and 0.5 units of
AmpliTaq DNA polymerase. Amplification was carried out with initial
denaturation for 5 min at 94 °C followed by 35 cycles of annealing at
50 °C (or as described in the figure legends) for 2 min, elongation at 72
°C for 3 min and denaturation at 94 °C for 1 min. Quantitative PCRs
were carried out in the presence of 2 uCi of o*2P dCTP. The number of
cycles used for the PCRs were confirmed to be in the log phase of the
amplifications (data not shown).

Isolation of rabbit-specific partial cDNA sequences

Partial cDNA sequences were isolated using the method of gene
digging as described before [55]. In this method rabbit liver cDNA was
used as a template for PCR with 5'S (sense) and 3’AS (antisense)
primers. The product of the 1st round of PCR was used as a template
for nested PCR using one of these 5'S or 3’AS primers and an internal
primer. Both 1st round and nested PCRs were performed using the
same parameters as described above. For the isolation of rabbit-spe-
cific TGF-Bl ¢cDNA sequence the primers were chosen based on
conserved nucleotide sequences between human, mouse, rat and

chicken. The primers wer:
5'S pnmer CCT(G/C)GA(T IC)ACC(AIG)ACTA(T/C)TGCTT

3'AS primer GCTGCACTTGCAGG(A/CYA/IG)CG
and an internal 3'AS primer ATGTTGGA(G/C)A(A/G)CTGCTC-
CAC.

For the TBR-I, the primers, designed based on conserved nucleotide

sequences between mouse and human, the /pnme 1S were
5'S primer CCACAGAGT(A/G)GG(C A)AC(T/A)AAAAGG

3'AS primer TTACATTTTGATGCCTTCCTGTTG
and an internal 5'S primer CCTGAAGTTT(A/C)GATGATTC-
CAT.
For the TBR-II the Ist round PCR amplified the product to a detec-
table and analyzable level. For isolating the sequence of this gene the
primers, chosen based on the conserved nucleotide sequences between

human and chicken, were:
5'S pnmer TGCA(A/TYGAGCAACTGCA(A/G)CAT

3'AS primer TCAS(A/C)(T/G)CTACAGGAACACATGAA.
In each case, the products were electrophoresed on agarose gel and the
desired bands were excised and eluted using the Wizard™ Kit (Pro-
mega, Madison, WI) and sequenced by direct automated sequencing
using the same primers that had been used for PCR.

Noncompetitive quantitative PCR

Noncompetitive quantitative PCR was performed by coamplifying
the desired segments of the mRNAs of the target gene and the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) gene (an endoge-
nously expressed gene as an internal reference) using rabbit-specific
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primers for both genes under conditions as described above. The rab-
bit-specific primers, used for amplifying a segment of TGF-B1 mRNA,

were as follows:
5'S primer CTTCCGCAAGGACCTGGG

3'AS primer CGGGTTGTGCTGGTTGTAC.
The rabbit- speciﬁc primers, used for amplifying a segment of TPR-I

mRNA, w
5'S pnmer GAATCCTTCAAACGTGCTGACATC

3'AS primer CCATTGGCATACCAACATTCTCTC.
The rabbit speciﬁc primers, used for amplifying a segment of TBR-II

mRNA
5'S pnmer CAACTGCAGCATCACGTCCATCT

3'AS primer TACAGGAACACATGAAGAAAGTCTC.
The rabbit- speciﬁc primers, used for amplifying a segment of GAPDH

mRNA [1], w
5'S primer CTGGCCAAGGTCATCCACGAC

3'AS primer GAGGAGTGGGTGGCACTGTTG.

Quantitation of the radioactive amplified products

The amplified products from noncompetitive quantitative PCRs
(i.e., the first strand cDNA pools) were electrophoresed on agarose gels
which were then dried under vacuum and the radioactive bands were
quantitated using a phosphorimager (Molecular Dynamics, Sunnyvale,
CA) [7]. Each cDNA pool was assayed three times in this manner.

Histology and immunohistochemical analysis

The explants were fixed in 10% formalin and embedded in paraffin.
Serial sections 3 pm thick were prepared for routine histological, his-
tochemical staining with safranin O and fast green, and immunohis-
tochemical analysis for TGF-B1, TR-I, TBR-II and proliferating cell
nuclear antigen (PCNA) using the Vectastain ABC kit (Vector Labo-
ratories, Burlingame, CA). For immunohistochemical studies, polyclo-
nal antibodies against synthetic peptides of human TBR-I and TBR-I
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
TGF-BR-1 (V-22) and TGF-BR-IT (C-16) were used in this study.
Immunostaining of rabbit kidney demonstrated specific patterns of
tubular and glomerular epithelial staining, confirming antibody spec-
ificity for TBR-I and TPR-II [15] (data not shown). To assess the
cellular expression of endogenous TGF-$1 in periosteal explants, poly-
clonal antibodies were used against human TGF-B1 LAP (i.e, the
endogenously produced, inactive form of TGF-B1 bound to “latency-
associated peptides” [10]) (R&D Systems). This was done so that latent
TGF-B1 produced endogenously could be distinguished from the ac-
tive form of TGF-B1 administrated for the first 2 days of culture. The
specificity and cross-reactivity of this antibody to latent rabbit TGF-B1
was confirmed using rabbit growth plate {22] (data not shown). PCNA
monoclonal antibodies were purchased from Sigma Chemical (St.
Louis, MO).

The procedures for the immunostaining of TPR-I and TER-II were
performed using the primary-secondary antibody complex method
designed by Gu, et al. [11] to permit the use of polyclonal antibodies
raised in rabbit on rabbit tissue. In this method, the formation of
primary and secondary antibody complex is performed prior to its
application to tissue sections to avoid nonspecific binding of the sec-
ondary antibody to the endogenous rabbit IgG of the tissue. Briefly,
the specific polyclonal antibodies (primary antibodies) were mixed with
pre-diluted biotinylated goat-raised anti-rabbit secondary antibody
(Vector) in Tris-buffered saline (TBS)/0.5% bovine serum albumin
(BSA) to final dilutions of 1:150 for TBR-I and TBR-I, and incubated
for 60 min at 37 °C. Nonimmune rabbit serum was then added to the
mixture at a ratio of 1:100 and incubated for 60 min at 37 °C. The
mixture was stored at 4 °C before applying it to the tissue sections.
The tissue sections were deparaffinized and dehydrated. Endogenous
peroxidase activity was blocked by incubation with 0.3% hydrogen
peroxide in methanol for 60 min at room temperature, and the tissue
sections were then treated with 500 U/m! hyaluronidase (Sigma
Chemical, St. Louis, MO) for 30 min at 37 °C. Nonspecific immuno-
globulin binding was blocked with 1.5% normal goat serum (Vector) in
TBS/0.5% BSA for 15 min at room temperature. The above antibody
mixtures were applied to the tissue sections which were then incubated
overnight at 4 °C. Following extensive washing with TBS/0.1% BSA,

the slides were incubated with avidin-biotin complex (Vector) for 30
min. Antibody binding was demonstrated by reacting the sections with
a mixture of 0.5 mg/m! diaminobenzidine tetrahydrochloride (Sigma)
in 50 mmol/l Tris-HCI buffer (pH 7.4) and 0.01% hydrogen peroxide
for 4 min. The sections were dehydrated and mounted.

Immunostaining for TGF-B1 and PCNA was performed using the
conventional ABC method. Sections were deparaffinized, dehydrated,
and treated with 0.3% hydrogen peroxide in methanol. The sections
were then treated with S00 U/ml hyaluronidase, as described earlier.
Nonspecific staining was reduced by incubation with normal horse
serum. The sections were incubated with PCNA monoclonal anti-
bodies at a dilution of 1:400, or polyclonal antibodies against TGF-§1
at a dilution of 1:150 overnight at 4 °C, followed by incubation with
biotinylated horse anti-mouse IgG and avidin-biotin complex and
developed with diaminobenzidine tetrahydrochloride.

The immunohistochemical specificity of the reaction between anti-
bodies against TBR-1 and TPR-II and rabbit tissue was proven by
absorption tests (data not shown). Each antiserum was pre-incubated
with a ten-fold (by weight) excess of corresponding immunogenic
peptide (Santa Cruz) overnight at 4 °C according to the manufacture’s
directions. After centrifugation at 4500 rpm for 10 min, the superna-
tant was used instead of primary antiserum. The specificity of the
antibodies against TGF-B1 and PCNA was confirmed by substituting
purified mouse IgG (Sigma) for the primary antibody.

Quantification of the immunohistochemical expression

Histomorphometric quantification of immunostaining for TGF-
B1, TRR-I, TBR-II, or PCNA was performed by cell counting on three
explants from each group. For this purpose, periosteal explants were
analyzed by cambium layer, fibrous layer, and neocartilage region. In
each region, three fields were selected at random under a magnification
of 200x. Positive and negative cells were counted in each field, and the
number of positive cells was divided by the total number of cells (the
sum of positive and negative cells) to calculate the positive ratio in
each field. The positive ratio for each tissue section was expressed as
the mean of the positive ratio of the three fields. The measurements
were carried out in three sections, and the average measurement ob-
tained was used as the positive ratio. In cartilaginous tissues, chon-
drocytes were subclassified as flattened chondrocytes, small round
chondrocytes (diameter less than 25 pm and thus expected to be less
differentiated and more actively proliferating), or large round chon-
drocytes (diameter more than 25 pm and thus expected to be closer to
terminal differentiation and less actively proliferating) based on their
morphology and size [18]. The positive ratio was evaluated as nega-.
tive or —/+ to 4+ according to the criteria described by Horner et al.
[14}.

Statistical analysis

All data were expressed as the mean = one standard deviation. The
gene expression data by PCR were analyzed using repeated measures
analysis of variance (ANOVA) and post-hoc testing with Duncan’s
Multiple Range Test.

Results

Periosteal chondrogenesis in this organ culture model
followed the same general time course as has been re-
ported in our previous studies [34,41]. Briefly, in ex-
plants treated with TGF-B1 for the first 2 days, cartilage
formation was observed by the fourth week, and in-
creased during the period of culture, reaching a maxi-
mum at 42 days (Fig. 1(A)). In contrast, explants treated
without TGF-B1 exhibited little cartilage up to the sixth
week in culture (Fig. 1(B)).
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A 200 pm

B

Control

Fig. 1. Photomicrographs of periosteal explants after 42 days of culture in agarose (safranin O, x50). (A) Representative histology of periosteal
explant cultured with transforming growth factor-B1 (TGF-B1). (B) Representative histology of periosteal explant cultured without TGF-pi

(control).

Isolation of partial cDNA sequences of rabbit TGF-f1,
TBR-I and TBR-11

Using rabbit liver cDNA as a template and prim-
ers based on human mouse and rat TGF-B1 cDNA se-
quences, we isolated a 246 bp fragment by PCR.
Genebank accession number are as follows:

Mouse TGF-p type I receptor Accession No. L15436

Human TGF-p type I receptor Accession No. 222534

Rat TGF-B type I receptor Accession No. 119341

Human TGF-B type II receptor Accession No.

M85079

Mouse TGF-B type II receptor Accession No.

D32072

Rat TGF-B type II receptor Accession No. L09653

Chicken TGF-p type II receptor Accession No.

1.18784.

This fragment is homologous to human (92.7%) and
mouse (90.3%) TGF-Bl ¢DNA sequences, confirming
the isolation of a partial cDNA sequence of rabbit TGF-
B1 (Fig. 2(B)). The isolation of a 320 bp fragment for
TBR-1 and a 214 bp fragment for TPR-II, was per-
formed using primers chosen from the corresponding
human, mouse and chicken cDNAs. The 320 bp frag-
ment was homologous to human (96.3%) and mouse
(92.9%) TGF-B type I receptor cDNA sequences (Fig.
2(B)) while the 214 bp fragment was 84.4% homologous
to both human and mouse TGF-pB type II cDNA se-
quences (Fig. 2(C)). These data confirmed the isolation

of partial rabbit-specific cDNA sequences for the cor-
responding genes. Based on these isolated sequences we
then designed rabbit-specific primers for TGF-p1, TBR-
I and TBR-II mRNAs. These primers were used to
specifically amplify the corresponding mRNAs as de-
termined by the direct sequencing of the amplified
products (data not shown).

Expression patterns of mRNAs for TGF-B1, TBR-I and
TBR-II during periosteal chondrogenesis

Next we examined the patterns of expression of the
mRNAs for TGF-B1 ligand and its receptors, TPR-I
and TBR-II, during periosteal chondrogenesis. We cul-
tured periosteal explants in agarose with and without
exogenous TGF-B1 added for the first 48 h of culture in
the presence of FBS for different periods of time from
2 to 56 days. The expressions of the aforementioned
mRNAs were measured on cDNAs prepared from these
explants (containing both fibrous and cambium layers)
by noncompetitive quantitative PCR. The mRNAs for
TGF-B1, TBR-I and TBR-II were detected in periosteal
explants treated with or without TGF-B1 at all the time
points tested (Fig. 3). The expression patterns of these
three genes are presented in Fig. 4. The most dramatic
difference between the explants treated with TGF-f and
the untreated controls was a delayed but very significant
rise in the mRNA expression levels of TGF-B, TPR-I,
and TBR-II at 42 days in the TGFpI treated explants.
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RUTGF=B) === === ==r —== mo= == === —;c —oo oo oo mms mes mmo cmm smo mos cee co e ees eem oo
MUTGE=BL === === =—m= —;c com mmm mom meo mmn oo mem mee e moo oo —m cee con oo A-G mm= —mm ——o
#1
Gly Pro Cys Pro Tyr Ile
rbTGF-B1 GGC CCC TGC CCC TAC ATC
huTGF-Bl --- e mmm e e e
muTGF-B1 --T ——— wan wwe
#70

Trp Ser Leu Asp Thr
rbTGF-fA1 TGG AGC CTG GAC ACC

hUTGF-Bl === === === -== -=G
MUTGF-Bl =--- -== =-w —-- --2

#139
Ala

rbTGF~B1l GCG
huTGF-B1 ===
muTGF-B1 T-A

Pro
CCC A

$208

B

rbTAR-I
huTRR-I
muTBR-T

#1

rbTAR-I
huTRR-I
muTAR-1I

#70

rbTAR~I
huTBR-1I
muTAR-1

Glu Gln Lys Leu Arg Pro Asn Ile Pro Asn Arg
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#139

rbTAR-I
huTBR-I
muTBR-T
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Ala Arg Leu Thr Ala Leu Arg Ile Lys Lys
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Fig. 2. Alignment of the rabbit (rb), human (hu) and mouse (mu) partial cDNA sequences of TGF-B1 (A), TBR-I (B) and TPR-II (C). Identical
nucleotides are indicated by dashes. Deduced amino acid sequences are shown on top of the corresponding rabbit-specific cDNA sequences.

The temporal changes in expression of the TBR-I, TBR-
IT and TGF-B1 mRNAs correlated with each other. In
the TGF-B1 treated explants, the expression of these
genes showed a biphasic pattern with a small peak at 7
days and a significantly higher peak at 42 days

(p < 0.0001). The only exception to this consistent
pattern was that at day 7 the TBR-I mRNA rose from
day 5 but did not demonstrate a true peak (Fig. 4(B)). In
contrast, this biphasic pattern of change in gene
expression over time was not seen in the absence of
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Fig. 3. Photographs of gels used for the analysis of PCR products.
Representative gels from (A) explants treated with 10 ng/ml TGF-pl1
and (B) explants cultured without TGF-Bl. GAPDH = glyceralde-
hyde-3-phosphate dehydrogenase. TBR-1 = TGF-B type I receptor.
TBR-IT = TGF-PB type 1I receptor.

exogenous TGF-B1 treatment. Instead, from day 21 to
day 56, there was a gradual increase in the expression of
both TGF-1 ligand and TBR-II mRNA, with no iden-
tifiable change in the expression of TPR-I mRNA over
time (Fig. 4). The endogenous TGF-B1 ligand mRNA
levels were significantly higher in the explants that were
treated with TGF-B1 than in the controls that were not
exposed to TGF-Bl1 (p < 0.0001). At day 42, when
cartilage formation reached a plateau, the mRNA levels
for both TGF-8 receptors, TBR-I and TBR-II, were
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) -O- TGF-p1- g* o
O 1.5 S 1.5
I o
£ S
= 1.0- = 1.0-
S R
w v
g g
£ 0.54 £.0.5
e 2
4] [88] .
() (3]
8 S o -
O U TTT T T 1 U v

TBR-I

significantly higher in those explants treated with TGF-
B1 for the first 2 days in culture than in the controls not
treated with TGF-B1 (p < 0.0001) (Fig. 4). The ratio of
the expression of TGF-BI mRNA in explants with
TGF-B1 to that in the explants without TGF-Bl dem-
onstrated a time-dependent biphasic upregulation of
these genes upon TGF-B1 treatment with double peak-
ing at 7 days and 42 days (Fig. 4(A)). Seven days after
the initial exogenous TGF-B1 treatment, a 2.7 fold in-
crease TGF-B1 expression was measured. At 42 days, in
explants treated with TGF-B1, the relative gene expres-
sion of TGF-B1, and TBR-I was 3 times higher while the
expression of TRR-II was 2 times higher than the ex-
pression of these same genes in the explants without
exogenous TGF-BI1 treatment. At day 56 no difference in
gene expression was observed between explants treated
with and without TGF-.

Immunohistochemical localization of TGF-§1, and TGF-f
receptors

The spatial patterns of expression of TGF-31, TBR-I
and TPR-II during periosteal chondrogenesis as deter-
mined by immunohistochemistry in vitro are summa-
rized in Tables 1 and 2. The histomorphometry data
enumerating the positively immunostained cells as a
percentage of the total cells are summarized in Table 3
and Fig. 5. TGF-$1, TPR-I and TPRR-II were detectable
in the periosteal explants at all time points tested. TPR-I
and TBR-II were simultaneously observed and generally
co-distributed with those cells producing TGF-$1. In the
first few days of agarose culture, endogenous TGF-f1,
TBR-I and TPRR-II were localized diffusely in both the
cambium and fibrous layers, although a greater per-
centage was present in the fibrous layer compared to
the cambium layer. However, by day 7, when the first
peak was seen in the expression of TGF-BI, significant

TBR-11
~#— TGF-p1 + 209¢ = ToR-p1+
-O- TGF-1 - -O- TGF-pl -

1.54

*

®
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__.__._O-____

Gene Expression (w.r.t. GAPDH)
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Fig. 4. The relative levels of mRNA expression (normalized to GAPDH) for TGF-B1 ligand, the type I receptor (TBR-I) and the type II receptor
(TBR-II) in periosteal explants treated with TGF-B1 compared to those not treated with TGF-B1. A biphasic pattern of expression was observed in
the explants treated with TGF-$1, but not in the control explants not treated with TGF-p1. Each specimen was evaluated in triplicate. The graph
shows mean values +S.D.
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Table 1 :
Quantification of expression of proliferating cell nuclear antigen (PCNA), transforming growth factor-p1 (TGF-81), TGF-B type I receptor (TBR-I)

and TGF- type I receptor (TBR-I) in periosteal explants cultured with TGF-§1

Days in culture Tissue PCNA TGF-B1 TBR-I TBR-IT
2 Cambium + + + +
Fibrous +++ ++ ++ ++
5 Cambium + + + +
Fibrous +++ +4 ++ +
7 Cambium +++ +++ +++ +++
Fibrous +++ +++ +++ ++
14 Cambium + + + +
Fibrous ++ + + +
21 Cambium ++ + + +
Fibrous ++ + + +
28 Fibrous ++ ++ + ++
Flattened + + + ¥
Small round ++ ++ + ++
42 Fibrous ++ + + 1
Flattened + + + +
Small round +++ +++ +++ +++
Large round ++ + + +
56 Fibrous + + + +
Flattened + + + +
Small round ++ + + +
Large round + + + +

The positive ratio was evaluated as follows: (=) no staining; (£) <5% cells stained; (+) 5-25% cells stained; (++) 25-50% cells stained; (+++) 50-75%
cells stained; (++++) >75% cells stained. Cambium = cells in the cambium layer; fibrous = cells in the fibrous layer; flattened = flattened chon-
drocytes; small round = small round chondrocytes; large round = large round chondrocytes.

Table 2
Quantification of expression of proliferating cell nuclear antigen (PCNA), Transforming growth factor-p1 (TGF-B1), TGF-B type I receptor (TPR-I)
and TGF- type II receptor (TBR-II) in periosteal explants cultured without TGF-B1

Days in culture Tissue PCNA TGF-$1 TPR-1 TBR-II
2 Cambium + + + +
Fibrous +++ ++ + +
5 Cambium + + + +
Fibrous +++ ++ + ++
7 Cambium + + + +
Fibrous +++ +++ +++ ++
14 Cambium + + + +
Fibrous ++ + + +
21 Cambium + + + +
Fibrous ++ ++ + +
28 Cambium ++ + + +
Fibrous ++ ++ + +
42 Fibrous + + + +
Flattened + + + +
Small round + + + +
56 Fibrous + + + +
Flattened + + + +
Small round ++ + + +
Large round + + + +

The positive ratio was evaluated as follows: () no staining; (&) <5% cells stained; (+) 5-25% cells stained; (++) 25-50% cells stained; (+++) 50-75%
cells stained; (++++) >75% cells stained. Cambium = cells in the cambium layer; fibrous = cells in the fibrous layer; flattened = flattened chon-
drocytes; small round = small round chondrocytes; large round = large round chondrocytes.
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Table 3

Positive cells (as % of total) immunostained for TGF-B1 and its receptors
Antigen TGF-BI1 ligand TBR-1 TBR-1I
TGF-BI treament +TGF-pl -TGF-Bl +TGF-pl -TGF-pl +TGF-p1 ~TGF-Bl
Day C F C F C F C F C F C F
2 11 43 11 42 10 27 14 23 16 31 19 23
5 16 32 12 34 14 26 8 23 15 20 15 27
7 50 58 9 53 50 57 19 56 51 47 11 36
14 15 13 9 21 6 5 2 7 10 3 8 9
21 18 i8 25 41 9 7 4 2 13 10 7 7
28 29 31 20 39 16 2 5 3 29 3 13 9
42 57 20 8 17 54 4 6 3 59 4 8 5
63 21 13 4 8 23 11 5 2 21 6 10 2

C = cambium layer; F = fibrous layer.

changes and effects of exogenously administered TGF-
B1 were identified. In the TGF-B1-treated explants 50%,
50% and 51% of the cambium layer cells were positive
for TGF-B1, TPR-I, and TPR-II, respectively, at day 7
(Fig. 5(A)~C), Fig. 6), while only 9%, 19% and 11%,
respectively, of the cambium layer cells were positive in
the explants not treated with TGF-B1 (Figs. 5(D)—(F)
and 6). The presence or absence of TGF-Bl treatment

had no identifiable effect on the number of positively
stained cells in the fibrous layer. With the progression of
cartilage formation, TGF-$1, TPR-I and TBR-II were
expressed by increasing numbers of neochondrocytes.
At 42 days, immunostaining for their proteins was
greatest in the small round chondrocytes and decreased
as the chondrocytes increased in size (Fig. 7). At day 42
in the TGF-B1-treated explants, 57%, 54% and 59% of
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Fig. 5. Immunohistochemical results showing the percentage of cells in the fibrous and cambium layers staining positive for TGF-BI. An initial peak
at 7 days was seen in all explants; those stimulated with TGF-BI in the first 48 h of culture had a delayed peak of expression of TGF-f1 and its

receptors in the cambium layer on day 42.
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Fig. 6. Cambium layer immunolocalization of transforming growth factor-1 (TGF-B1), TGF-B type I receptor (TBR-I), and TGF- type II receptor
(TBR-II) in periosteal explants after 7 days of culture in agarose with and without TGF-81 supplementation.

the cambium layer cells were positive for TGF-B1, TR-
I, and TBR-II, respectively. In the absence of exogenous
TGF-B1 treatment, however, these proteins were de-
tected only in a minority of the neochondrocytes (TGF-
Bl = 8%, TPR-I = 6%, and TPR-II = 8%). The three
sets of immunohistochemistry data were very repeat-
able. The three values in each group were within a 5%
range more than half the time. Most of the remainder
were within a 10% range. Consistency was high early
and late in culture. At 21-28 days of culture, the results
were more variable from one specimen to the next.
Taken together, these expression patterns were biphasic,
with initial peaks of TBR-I and TBR-II at day 7 then
again at day 42 immunohistochemistry.

Discussion

The present study documents the spatiotemporal ex-
pression patterns of the TGF-B receptors, TBR-I and

TPBR-II, during periosteal chondrogenesis in vitro and
the correlation between these and the endogenous ex-
pression of the TGF-B1 ligand. Periosteal explants ex-
pressed TPR-1 and TBR-IT at both the mRNA and
protein levels throughout the period of agarose culture
for 56 days. Three primary observations were made.
First, the expressions of the TGF-$ receptors, and the
ligand itself, were significantly upregulated by endoge-
nous TGF-B1 treatment. Second, the pattern of expres-
sion was biphasic, with an initial peak as chondrogenic
differentiation was taking place, and a larger peak again
later during extracellular matrix deposition during car-
tilage formation. Third, the temporal and spatial pat-
terns of expression of the TGF-B receptors coincided
with those of the ligand itself.

In both the experimental and control groups, the
expression of TGF-f and its receptors rose to an initial
peak at 7 days, in the pre-cartilage stage, when cell
proliferation is decreasing and chondrogenic differenti-
ation is commencing. This is consistent with the report
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Fig. 7. Immunolocalization of transforming growth factor-Bl1 (TGF-B1), TGF-B type I receptor (TPR-I), TGF-B type II receptor (TBR-II) in
periosteal explants after 42 days of culture in agarose with and without TGF-B! supplementation.

of Miura, et al. [31] who showed that TGF-B1 strongly
stimulated chondrogenic differentiation in periosteal
explants. Exogenous administration of TGF-B1 stimu-
lates cell proliferation among the chondrocyte precursor
in the cambium layer of the periosteum, and this initial
phase of cell proliferation is thought to be responsible
for later chondrogenic differentiation [56]. It is pre-
sumably this initial proliferative response that sets off
an autocrine or paracrine response in the chondrocyte
precursor cells in the cambium layer of the periosteum
to differentiate into the chondrocyte lineage. Previous in
vitro [2,63] and in vivo [48,49] studies have shown that
TGF-pB1 autoregulates its own expression. The fact that
expression of the TGF-B1 receptors was upregulated
following treatment with TGF-B1 suggests that the bi-
ological response to TGF-B1 was indeed directly medi-
ated by it.

The second observation was that the patterns of ex-
pression of TGF-B1 and its receptors were biphasic, with

an initial peak as chondrogenic differentiation was taking
place, and a larger peak again later during extracellular
matrix deposition during cartilage formation. In the ex-
plants treated with TGF-p for just the first 48 h in culture,
there was a dramatic rise to a second peak in mRNA
levels of TGF-B, TBR-I, and TBR-II at 42 days. This
biphasic pattern of expression was not seen in the un-
treated controls. The prolonged interval between expo-
sure to exogenously added TGF-B1 and the eventual
upregulation suggests that TGF-$1 acts early in perio-
steal chondrogenesis, presumably during the commit-
ment phase. Inmunohistochemical studies demonstrated
that TBR-I and TPR-II were generally expressed by the
same type of cells expressing the TGF-B1 ligand. Initially,
TGF-B1 was expressed endogenously in both the fibrous
and cambium layers, whereas later during cartilage ma-
trix formation, such expression was seen principally in
the chondrocytes. Although the immunolocalization of
TGF-B1 presented in this study doesn’t directly indicate
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expression of the active form of TGF-B1, these findings
suggest that endogenous TGF-P1 acts in either (or both)
an autocrine or a paracrine fashion to regulate periosteal
chondrogenesis. In a separate study, Saris et al. [56]
identified a sequential pattern of cell proliferation that
commenced in the fibrous layer and progressed into the
cambium layer in a manner strongly suggestive of a
paracrine signaling mechanism between the cells in these
two layers. The dynamic spatiotemporal changes in the
patterns of expression of TBR-I and TBR-II, as well as
that of endogenous TGF-B1, reported in the present
study support the concept of an autocrine/paracrine
mechanism involving TGF-Bl1 in the regulation of
periosteal chondrogenesis in vitro.

The third observation was that the temporal and
spatial patterns of expression of the TGF-B receptors
coincided with those of the ligand itself. Several recent
in vitro studies have demonstrated the capacity of TGF-
Bl to regulate the expression of its own receptors
[16,36,39]. Upregulation of the expression of TGF-B1,
TBR-I and TPR-II seen in the early stages of periosteal
chondrogenesis with TGF-f1 treatment indicates a pos-
itive autocrine feedback mechanism that is induced by
exogenous TGF-B1. This would be similar to the effects
of TGF-f1 on the expression of its own ligand and its
receptors, consistent with these previous studies.

This early action of TGF- might affect proliferation
of the chondrocyte precursors and/or mesenchymal stem
cells. Previous studies have reported conflicting effects of
TGF-B1 on the proliferation of mesenchymal cells in
periosteumn. Joyce et al. [24] have shown that exogenous
subperiosteal injections of TGF-B1 in vivo stimulate the
proliferation of mesenchymal cells in the periosteum.
Conversely, Izumi et al. [21] and Iwasaki et al. [19] have
demonstrated that TGF-B1 stimulates chondrogenic
differentiation of periosteal-derived cells but has no ef-
fect on their proliferation in vitro. One possible expla-
nation for these contradictions may be that different cell
types and environments were studied. TGF-B1 has been
well documented to have a multitude of effects that de-
pend on the type of cell upon which it is acting and the
conditions of its application [46,51]. Also, the behavior
of cells released from their extracellular matrix is not
necessarily the same as that of cells in their matrix. We
have previously shown that *H-thymidine incorporation
in periosteal explants treated with TGF-B1 increases
significantly during the initial period in culture using our
organ culture model [35].

Previous studies have shown that TGF-B1 guides a
variety of mesenchymal stem cells into chondrocyte
differentiation [6,27,57]. The mechanism involved in
such regulatory functions are not fully elucidated, but it
has been suggested that TGF-s facilitate the initiation
of prechondrogenic condensation, a prerequisite stage of
chondrogenic differentiation, by stimulating production
of cell adhesion molecules [29,47,60]. Transient exposure

to TGF-B1 in chick wing bud mesenchyme in vitro has
been shown to stimulate mesenchymal condensation and
subsequent cartilage differentiation, consistent with the
elevation of fibronectin mRNA expression [29]. It has
been demonstrated both in vitro and in vivo that N-
cadherin is expressed in the limb mesenchymal cells and
that blocking N-cadherin activity inhibits their chon-
drogenic differentiation [47]. Upregulation of N-cadh-
erin expression with TGF-B1 treatment has been shown
in chick limb bud mesenchymal cells in vitro [60]. We
have also found in preliminary studies that TGF-B en-
hances the expression of N-cadherin mRNA in cultured
periosteal explants between day 2 and day 10 in culture,
with a peak at day 5 [65]. Taken together with the
temporal expression of TGF-B1 and its receptors pre-
sented in this study, exogenous TGF-B1 and/or endo-
genous TGF-B1 upregulated by exogenous TGF-1,
appear to be related to this critical step for chondrogenic
differentiation. Clearly, more direct evidence is required
to elucidate the role of TGF-B1 in the stimulation of
chondrogenic differentiation in periosteal chondrogene-
sis.

Previous immunohistochemical studies have shown
proliferative chondrocytes have greatest immunoreac-
tivity for TGF-B1 in cartilaginous tissues, including
growth plate [22], neonatal rib and osteophyte [14]. By
contrast, immunoreactivity for TGF- receptors in
cartilaginous tissues is somewhat conflicting [14,25].
Kabasawa et al. [25] have shown immunolocalization of
TPR-II was observed more intensely in maturing and
hypertrophic chondrocytes than in proliferating chon-
drocytes in rat growth plate. Horner et al. [14] have
demonstrated that immunoreactivity for TBR-I and
TBR-II in human osteophytes is maximum in prolifer-
ating chondrocytes. The present study showed that
TPR-I and TPR-II, as well as TGF-B1, were more highly
expressed in small round chondrocytes, which were
thought to correspond to proliferative chondrocytes
based on ongoing studies of cell proliferation during
periosteal chondrogenesis. In a separate investigation,
Ito et al. [17] have identified these small round chon-
drocytes as having maintained their capacity for prolif-
eration and as having avoided terminal differentiation
into hypertrophic chondrocytes. Previous studies by
other investigators have shown the stimulatory effect of
TGF-B1 on the proliferation of chondrocytes [12] and
the production of extracellular matrix protein synthesis
by chondrocytes [50,62].

In conclusion, the present study has documented the
spatial and temporal patterns of expression of TBR-I
and TBR-I1, as well as that of TGF-B1, during periosteal
chondrogenesis in vitro. The expression of this growth
factor, and of its receptors, is upregulated in response to
exogenous administration of TGF-$1. The most dra-
matic effects are delayed, indicating that TGF-B1 is
involved early in the regulation of initiating and




H. Mizuta et al. | Journal of Orthopaedic Research 20 (2002) 562-574 573

promoting cartilage formation during periosteal chon-
drogenesis. These data will be useful in planning further
studies to elucidate molecular mechanism of TGF-Bi
function for regulating periosteal chondrogenesis.
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CHAPTER X

ROLE OF MITOCHONDRIAL OXYGEN AND
NITROGEN REACTIVE SPECIES IN SIGNALING

Cecilia Giulivi and Merry Jo Oursler

1. INTRODUCTION

The four-electron reduction of oxygen to water by cytochrome ¢ oxidase is a
reaction performed with high precision and rapidity; however, during the transfer of
electrons throughout the electron transport chain, oxygen is partially reduced,
yielding oxygen species that readily react with a variety of cellular components.
The term "reactive oxygen species" (ROS) includes superoxide anion, hydrogen
peroxide, and hydroxyl radical. Superoxide anion radical is the one-electron
reduction product of oxygen and is a precursor of other reactive species. Hydrogen
peroxide is formed from superoxide anion dismutation. Probably the most potent
oxygen species in biological systems is the hydroxyl radical. This species forms
from relatively harmless hydrogen peroxide. Although most free radicals are
extremely short-lived (1 ns to 1 ps), they react readily with other molecules,
transferring the radical character, converting them to free radicals and thereby
initiating chain reactions.

On the basis that uni- or divalent reduction products of oxygen are produced
during normal oxidative metabolism, it is possible to speculate that either an
increase in the production of these species, or decrease in the antioxidant defenses,
will lead to ROS injury. Considering the manifestations of ROS toxicity, it is
likely that sequential processes would be involved; these include (a) the primary
injury at the molecular level followed by (b) the defence mechanisms that normally
respond to the initial injury. If the defence mechanisms are exhausted or after what
may be accounted for as the accumulation of errors in the handling of oxygen
intermediates, the biological target (enzyme, cell, or tissue) cannot adequately
perform their physiologic function. Considering the concentration of the normal
biological antioxidant defences -usually 2-3 orders of magnitude higher than those
of the corresponding substrates- it seems that the free-radical reactions arising
during the course of normal oxidative metabolism are at least partially responsible
for the aging process '%. Because the mitochondrion is the site of the bulk of the
cell's oxidative metabolism, mitochondrial biomolecules (e.g., DNA, lipids, and
proteins) probably sustain most of free-radical damage. In this regard, several




degenerative diseases, including Parkinson's, Alzheimer's, and Huntington's
diseases, are associated with oxidative damage to mitochondria.

The high reactivity of free radicals makes it difficult to characterize their reaction
products, for all classes of biological molecules are susceptible to oxidative damage
by free radicals. As a consequence of their high reactivity, their short half-life
limits the target radius. Thus, a role for ROS as initiators or participants in signal
transduction pathways has been controversial. However, accumulating evidence
indicates some important functlons for reactive oxygen and nitrogen species
(RONS) in signalling pathways **. Their actions seem to be attributed either to
reduction-oxidation reactions or binding to target molecules. These signalling
mechanisms are entirely different from those attributed to, for example, calcium-
activated and phosphorylation-dependent pathways.

In this Chapter we will review the sources of oxygen- and nitrogen species in
mitochondria, the modulation of their production, and describe some examples in
which mitochondrial RONS have been implicated in signal transduction pathways.

2. MITOCHONDRIAL OXYGEN FREE RADICALS

Almost 40 years ago, an increased formation of hydrogen peroxide it was
observed from mitochondria exposed to hyperbaric conditions °. In the following
years, the generatlon of hydrogen peroxide was demonstrated in mitochondria
isolated from various sources also under normoxic conditions "'°. Both NAD- and
FAD-linked substrates support rates of hydrogen peroxxde production (0.2-0.8 nmol
hydrogen peroxide/min mg protein ®) modulated by various metabolic states
The production of hydrogen peroxide by submitochondrial particles (i.e.,
constituted only by inner membrane fraction) suggested that a member of the
respiratory chain was responsible for hydrogen peroxide generation. Studies
performed with inhibitors of the mitochondrial respiratory chain pointed to a carrier
on the substrate side of succinate dehydrogenase-ubiquinone segment > as a
potential generator of hydrogen peroxide. Among the different components of this
segment, a main role for ubiquinone in for hydrogen peroxide generation in
mitochondria was supported by the linear correlation between ubiquinone
supplementation and rate of for hydrogen peroxide production in ubiquinone-
depleted mitochondria %9 Later, a second site, albelt quantitatively less
significant, was found at the NADH dehydrogenase segment '

Besides mitochondria, other subcellular fractions have been identified as
intracellular sources of for hydrogen peroxide: microsomes, peroxisomes, and
soluble enzymes, among others °. However, the rate of ROS production by
mitochondria at biologically relevant pO, constitutes the most important
contribution to the cellular/organ rate of ROS production, therefore, these organelles
should be considered as the main source of ROS under physiological conditions B
Supporting this view, experimental rates of for hydrogen peroxide production by
perfused rat liver were found to be mostly of mitochondrial origin

2.1. Modulation of mitochondrial ROS production

Mitochondria are dynamic organelles whose morphology, composition and
function adapt to changes in physiological signals '*. These physiological signals
include nutritional variations, different workloads, oxygen availability, and




development. Responses to physiological signals are fundamental at maintaining
homeostasis and as such, are typically reversible and serve to optimise energy
production relative to energy demand. In this regard, formation of hydrogen
peroxide by mitochondria shows generally similar characteristics across
species/tissues. All mitochondria exhibit lower (or negligible) rates of hydrogen
peroxide production in State 3 (active ATP production), whereas is maximum in
State 4 (resting, nonphosphorylating mitochondria). Hyperbaric oxygen and
hyperoxia exposure results in a marked increase in for hydrogen peroxide production
by isolated heart and liver mitochondria TR However, owed to mitochondrial
plasticity and the consequent heterogeneity, assessment of ROS production by
mitochondria necessitates consideration of specific aspects of mitochondrial
characteristics. For example, presence of uncoupler and inhibitors are required to
exert maximal rates of ROS production in heart but not in liver mitochondria.
Phenotypic changes occur in cellular energetics during cell culture, thus results
obtained with mitochondria isolated from organs might not be comparable to those
obtained with mitochondria isolated from cultured cells. In addition, rates of ROS
production obtained with isolated mitochondria are lacking the cell-specific and
tissue-specific interaction, avatilability of chemically different substrates and the
presence of regulatory pathways.

Focusing on isolated mitochondria, and considering the succinate dehydrogenase-
ubiquinone segment as the most important source of ROS (60-80%), then the rate
of ROS production is modulated by the steady-state concentrations of
ubisemiquinone and oxygen (eq. 1; assuming that superoxide anion is the chemical

precursor of for hydrogen peroxide) for the production of hydrogen peroxide is

formulated as a non-enzymatic oxidation of ubisemiquinone (UQ"") by oxygen '*

+d[Oy Vet = 2 x +d[Hy 0, )/dt = k [UQ™] [0,] )

As a consequence, several metabolic conditions that result in an increased level
of ubiquinone (fasting, chronic treatment with dinitrophenol, cortisone treatment ')
or higher availability of oxygen (e.g., hyperoxia) are expected to have increased
rates of ROS.

2.2. Availability of intracellular oxygen and the role of nitric oxide

Hyperoxia and hyperbaric oxygen enhance hydrogen peroxide generation at the
subcellular and cellular levels at different extents (from 60 to 200%). However, the
hyperbaric response appears to be greatly diminished at the organ level in vivo. The
level of oxygen in a tissue may be limited by the microvascular response, probably
modulated by endogenous factors such as nitric oxide.

Nitric oxide, a reactive free radical molecule, is generated in vivo by nitric oxide
synthase (NOS) during the conversxon of L-Arg to citrulline. Several isoforms of
NOS have been isolated '**', namely the neuronal, endothelial, and macrophage
forms. The constltutlve forms, i.e., neuronal and endothellal account for the rapid,
transient, Ca”*-dependent produchon of nitric ox1de 12! the inducible form, i.e.,
macrophage NOS, causes the slow onset of Ca’ -mdependent nitric oxide synthe51s
in inflammatory cells (after stimulation with cytokines or lipopolysaccharides '**

Nitric oxide functions as an mtercellular signal in regulating blood vessel
dilation (among other important functions **%), thus facilitating oxygen delivery
and removal of metabolic end products from tissues. The stimulatory action of
vasodilators on the phosphoinositide signalling system in endothelial cells




produces an influx of calcium resultmg in the synthesis of nitric oxide. Nitric oxide
rapidly diffuses across membranes % “although its high reactivity prevents it from
getting far away from its site of synthe51s (e.g., it reacts efﬁc1ently with heme
proteins and oxygen ?7). The physiological target of nitric oxide in smooth muscle
cells is guanylate cyclase, which catalyzes the reaction of GTP to yield cGMP ?
intracellular second messenger similar to cAMP. Nitric oxide reacts w1th
guanylates cyclase heme prosthetic group to yield nitrosoheme, increasing the
enzyme's activity by 50- to 200- fold ¥, presumably via a conformation change that
allows the release of transaxial histidine ligand, which presumably, participates in
catalysis. In turn, cGMP causes smooth muscle relaxation through its stimulation
of protein phosphorylation by cGMP-dependent protein kinase. In other biological
settings, nerve stimulation causes calcium increases at nerve terminals, thereby
stimulating NOS activity. The resultant nitric oxide diffuses to nearby smooth
muscle cells, where it bmds to guanylate cyclase and activates it to synthesize
¢GMP as described above *°

The vasodilating effects mediated by nitric oxide are understood as part of
intercellular signalling pathways, in which nitric oxide is produced by one cell
type and acts on another one. However, the recent finding that mitochondria are
endowed with a NOS has extended the role of this free radical as an intracellular
signal molecule.

3. MITOCHONDRIAL NITROGEN REACTIVE SPECIES

Our 32'37] and others' ***' studies provided evidence for the occurrence of a NOS
(mtNOS) in mitochondria. Based on MALDI-ToF and Q-ToF analyses of tryptxc
digests, mtNOS has been identified as nNOS isoform alPh *. mtNOS is
constitutively expressed, followmg a particulate distribution 323 probably favoured
by its acylation with myrlstlc acid **. The rate of nitric oxide productlon by intact,
coupled mitochondria is L-Arg-dependent; the apparent K,, for L-Arg and Vo
values were 5 uM and 1.4 nmol/min per mg protein, respectively, in agreement
with the values published for the purified brain isoform 2. Given that the
experimental X, is 30-40 times below the reported pool of L-Arg in mitochondrial
matrix (about 200 uM), the modulation of mtNOS activity by L-Arg seems
unlikely under physiological conditions. The production of nitric oxide is also
sustained by endogenous NADPH, the specific electron donor for NOS. Under our
expenmental conditions, the energy-dependent transhydrogenase seems to represent
the main source of NADPH because uncoupling conditions (overload of Ca™ or
FCCP) sn%mﬁcantly decreased the levels of NADPH, halting nitric oxide
production

Although nitric oxide is produced by mitochondria, the target molecule for this
free radical was unknown for these organelles do not contain guanylate cyclase.
Intact coupled mitochondria, when stimulated to produce nitric oxide, exhibited a
decrease in their respiratory rates from 30 to 50% (at pO; = 0.2 atm), which was
comgletely reversed upon the addition of an inhibitor of NOS or the removal of L-
Arg Conversely, oxygen uptake increased in the presence of an inhibitor of
NOS, N monomethyl-L-arginine, indicating the involvement of nitric oxide in the
modulation of oxygen consumption. Concomitantly to the decline in the
respiratory rate, an inhibition of ATP synthesis was also observed (40- 50%),
decrease not attnbutable to a direct effect of nitric oxide on Complex V **. The
dependence of the respiratory rates of mitochondria in State 3 and cytochrome
oxidase activities on oxygen concentrations indicated that both processes were




linked and competitively inhibited by nitric oxide at the cytochrome oxidase level.
Thus, the target molecule of nitric oxide in mitochondria is cytochrome oxidase:
nitric oxide by binding to the oxidase, increases the apparent K, for oxygen
(decreasing the affinity for oxygen), thereby decreasing the oxygen consumption at a
given pO,. This inhibition of cytochrome oxidase by nitric oxide was explained
primarily by the catabolism of nitric oxide to N2O, and secondarily, by the direct
binding of nitric oxide to the bimolecular center.

The main impact of this finding is that nitric oxide produced by mitochondria
may constitute the main participant at regulating the oxygen uptake in organs. The
intracellular level of oxygen may be estimated in 10-20 puM, thus, under normal
physiological conditions, tissues are under hypoxic environments. A gradient of
oxygen as high as 1000-fold * is expected from the capillaries toward
mitochondria, and the steady-state concentration of oxygen in the latter
compartment may be lower than those in either the peroxisomal and cytosolic
spaces '*. The critical oxygen concentration for bioenergetic function of
mitochondria corresponds to approximately to 50% reduction of pyridine nucleotide
being 60 and 80 nM in State 4 and 3, respectively **. Thus, when oxygen levels
are adequate, the ratio [oxygen)/[nitric oxide] is high, and cytochrome oxidase
activity is maximal. When oxygen levels are low, then the ratio [oxygen])/[nitric
oxide] is lower, nitric oxide competitively inhibits cytochrome oxidase, thereby
decreasing oxygen consumption. By this mechanism, the oxygen gradient is
extended to other mitochondria/cells, thus allowing a more homogeneous
distribution of oxygen throughout the cell/organ.

Therefore, the production of nitric oxide by mitochondria gains significance given
the modulatory role that this molecule might have on energy metabolism, oxygen
consumption, and consequently, on oxygen free radicals production (see below).

3.1. Mitochondrial nitric oxide and cytochrome oxidase modulation

In the case of oxidative phosphorylation, the pathway from NADH to
cytochrome ¢ functions near equilibrium. In the cytochrome oxidase reaction,
however, the terminal step of the electron transport chain is irreversible and is
therefore a prime candidate as the control site of the pathway. It is believed that
cytochrome oxidase, in contrast to most regulatory enzyme systems, appears to be
controlled exclusively by the availability of one of its substrates, reduced
cytochrome c. Since this substrate is in equilibrium with the rest of the coupled
oxidation phosphorylation system, its concentration ultimately depends on the
intramitochondrial [NADHJ/[NAD'] ratio and the ATP mass action ratio
([ATPY/[ADP][Pi]). Consequently, the higher the [NADH}/[NAD'] ratio and the
lower the ATP mass action ratio, the higher the concentration of ferrocytochrome ¢
and thus the higher the cytochrome oxidase activity.

ATP production is controlled by mass action: an increased ATP utilization
increases ATP synthesis, oxygen consumption, and substrate oxidation, simply by
providing the substrates (ADP and Pi) for oxidative phosphorylation. By
following this process, mass action stimulates the respiratory chain back to
substrate oxidation. Several factors have been proposed to regulate respiration;
among them Ca’" mobilization, adenine nucleotide carriers, oxygen supply, and
cytosolic ATP mass action ratio. However, cytochrome oxidase can serve as a
potential control point of oxidative phosphorylation for it catalyzes an irreversible
reaction (the reduction of oxygen to water. In this regard, several molecules have




been proposed as regulators or inhibitors of cytochrome ¢ oxidase, among them
cyanide, azide, formate, sulfide, carbon monoxide and nitric oxide. From these,
carbon monoxide has similar chemical characteristics to nitric oxide: it is
synthesized by an enzyme (i.e., heme oxygenase) and binds to guanylate cyclase.
In contrast to nitric oxide, carbon monoxide has a higher affinity for myo- or hemo-
globins than for cytochrome oxidase, thus the concentration required to exert a
significant inhibition of cytochrome oxidase activity would be higher that that
achieved under physiological conditions. Nitric oxide is the only one that satisfies
all the requirements as an allosteric effector of cytochrome oxidase **: it is produced
at a fair rate by a specific enzyme (mtNOS), located close to the target site
(cytochrome oxidase), and it is formed at levels (10-220 nM) that effectively affect
the respiratory rate (K, = 6-10 nM).

As a consequence of the high affinity of nitric oxide for cytochrome oxidase, the
cytotoxic role of nitric oxide observed in other systems could be explained as a
sustained inhibition of cytochrome oxidase by high concentrations of nitric oxide -
like those achieved by activated macrophages- or a formation of the powerful
oxidant peroxynitrite (the product between superoxide anion and nitric oxide) which
would favor mitochondrial dysfunction, leading probably to cell death.

3.2. Modulation of ROS production by mitochondrial nitric oxide

Changes in hydrogen peroxide production by L-Arg-supplemented mitochondria
indicated that nitric oxide affected the rate of oxygen radicals’ production b
modulating the rate of oxygen consumption at the cytochrome oxidase level *
This mechanism was supported by two observations: (1) changes in hydrogen
peroxide production correlated with the effect of nitric oxide on the respiratory rates,
and (2) the pattern of oxidized/reduced carriers in the presence of nitric oxide
indicated cytochrome oxidase as the crossover point according to the crossover
theorem **. Although the rate of hydrogen peroxide production by mitochondria
increased in the presence of L-Arg, the increase was not as high as that obtained
with other inhibitors (e.g., antimycin A) used to stimulate ROS production. This
could be explained by the catabolism of nitric oxide by cytochrome oxidase, which
allowed electrons to go through the chain without resulting in the full reduction of
respiratory carriers.

Elucidation of the effect of nitric oxide on the mitochondrial ROS production
brought a more dynamic view at the way oxygen consumption and ROS formation
occurs, considering not only availability of ADP but also other regulatory devices
(Fig. 1). As it has been indicated in previous sections, historically the
mitochondrial production of ROS has been considered as a side-process of the
normal oxidative metabolism; its rate alternating between two levels determined by
physiologically relevant mitochondrial metabolic states, namely States 4
(maximum) and 3 (minimum). However, our studies demonstrated that the
mitochondrial production of ROS is not limited to these two values and may
exhibit a degree of values modulated by endogenous nitric oxide.

The balance between producing slightly higher hydrogen peroxide when low
levels of nitric oxide are available (which probably could be handle by endogenous
peroxidases, minimizing organelle damage) to peroxynitrite when sustained
production of nitric oxide are attained (which will produce damage to biomolecules)




will be maintained by cellular conditions that would influence the availability of
either Arg or other cofactors required for NOS activity as well as the concentration
of oxygen.

FIGURE 1. MITOCHONDRIAL RONS

4. SIGNAL TRANSDUCTION ELICITED BY RONS

A variety of extracellular and intracellular signals including the presence or
absence of specific growth factors/cytokines and DNA damage result in elevation of
mitochondria-derived ROS and subsequent apoptosis (reviewed in >***%).  As
discussed in detail elsewhere in this book, apoptosis is a controlled and regulated
process involving caspase-mediated degradation of many cellular components that is
often driven by elevated levels of mitochondria-derived ROS in the cytosol
(reviewed in *). The mitochondria may serve to integrate multiple signalling
events to focus the interactions that result in apoptosis and/or it may be the target
of the apoptotic signal to drive caspase activation *.  Many of these signalling
pathways impact ROS levels by influencing Bcl-2 family member expression
and/or localization. Pro-survival members of the Bcl2 family, including Bel-2 and
Bcl-xl, block apoptosis by blocking changes in the mitochondria membrane to
?revent release of apoptosis-promoting factors and preserving mitochondria integrity
7. In many instances, pro-apoptotic family members such as BAD, Bik, and Bid,
alter the mitochondria membrane potential, resulting in elevations of cytosolic
ROS. In addition, pathways that activate sphingomylinase to produce ceramide,
disrupt mitochondria membrane integrity and influence ROS levels in the cytosol
452 " As discussed elsewhere in this book, activation of members of the MAPK
kinase family of signalling molecules promotes apoptosis, to a large extent by




influencing the Bcl-2 family members transcription or cellular localization. These
members include MEK1/2, which activates ERK1/2, and ASK1, which activates
both the JNK and p38 MAPK pathways >’ The MEK/ERK pathway has been
implicated in both survival and apoptosm induction, depending on the signal and
the cell system under study **'. ASK1 is an mtegral component of the apoptotic
response followmg TNF-a and FAS treatment . Recently, ASK1 has been
implicated in the apoptotic response in sympathetic neurons following NGF
withdrawal, supporting a role in stress-induced apoptosis as well %,

4.1. Molecular basis for RONS signalling

The starting point for signal transduction pathways is the ligand/receptor
recognition step. This recognition is the result of a delicate balance among
powerful countervailing forces of noncovalent interactions (electrostatic, hydrogen
bonding, and hydrophobic forces). Conversely, the basis for free radical signalling
does not entail protein-protein interaction but usually either a reduction-oxidation
process or a binding reaction between the free radical and the target molecule. The
specificity of free radical-mediated pathway then relies essentially on steric
exposure, reduction potential (e.g., thiol group), rate constant, and binding capacity
(dissociation constant of, for example, nitric oxide to heme) of the target molecule,
in addition to spatial distribution of RONS production. This last condition is
important for free radicals that diffuse to target molecules. Since the transport rate
of diffusing substance varies inversely with the square of the distance it must
diffuse, the diffusion rate of a free radical through a tissue thicker than 1 mm is too
slow to support a reaction. Indeed, assuming a lifetime of a free radical of 1 ns, it
can be calculated from Einstein's equation that the average distance a free radical can
diffuse is about one-third of a membrane thickness or protein diameter. Thus, the
target molecule must be in close proximity to the free radical source; otherwise
pathway activation will be halted.

There are several mechanisms by which ROS can impact protein function. As
discussed before, the nucleophilic cysteine side chains are reactlve to RONS and
modifications of these can alter protem functions (Reviewed in *). ROS can also
modulate intracellular calcium ion concentrations or modify protem-protem
interactions of redox-sensitive proteins *’. There has been a massive influx of
studies of the impact of ROS on cellular activity. Many of the studies that have
been published on the impacts of ROS on cellular events have been done with
relatively high treatment levels, so the physiological relevance of these effects
remains unclear. Importantly, intracellular glutathlone levels can determine whether
a cell responds to ROS **7'. Thus discrepancies in published data may in part be
the result of subtle shifts in the redox state of the cells under study.




4.2. Molecular targets of RONS

The RONS-mediated signalling pathways can be divided on the basis of their
molecular target. In this Chapter, we will focus on cytosolic and nuclear proteins
of relevant signal transduction pathways as targets of RONS.

4.2.1. Cytosolic proteins as molecular targets of RONS
4.2.1.1. Tyrosine phosphatase

Protein tzlrosme phosphatases appear to be particularly sensitive to inactivation
by RONS **’”_ This inactivation is reversible, providing a basis for the
speculation that regulation of phosphatase act1v1ty by ROS participates in
regulation of cell signalling 2 The impact of this is potentially enormous, as it
could result in amplification of all activated signalling pathways since the removal
of phosphates from phosphotyrosines in both receptors and downstream signalling
molecules is integral to either activation or inactivation of several components of
these pathways. This may be the case in many instances, particularly at high ROS
levels used for cell response studies, but there is evidence of selective activation of
specific pathways in response to ROS when studies are carried out using
physiologically relevant ROS levels.

4.2.1.2. Receptor Activation

Although non-physiological hydrogen peroxide levels have been shown to
activate several types of receptors, physiological levels do not have similar effects
on receptor activation 7. Physiological hydrogen peroxide levels can, however,
amplify receptor responses under conditions where ligand levels are low "
Moreover, in the case of the insulin receptor, prolonged exposure to low hydrogen
peroxide levels results in decreased signalling, suggesting that ROS impacts on
receptor activity are complex ”

4.2.1.3. MAPK pathways

The MAPK pathways are complex, intersecting pathways that impact a broad
spectrum of cellular processes including proliferation, differentiation, and apoptosis
(reviewed in ™). Below are discussed components of these pathways that have
been shown to be influenced by ROS. Many of the aspects of these pathways are
covered in more detail elsewhere in this book.

4.2.1.3.1. c-Src family

The members of the c-Src family of tyrosine kinases act as second messengers in
a broad spectrum of signalling pathways originating from both receptor kinases and
receptors that do not have intrinsic kinase activity (reviewed in '*"*%), At
mllllmolar levels, hydrogen peroxide activates several members of the Src family *'

However when examining lower levels of hydrogen peroxide, Lck is selectively
actlvated . The selective activation of Lck suggests that inactivation of tyrosine
phosphatases is unlikely to be the Lck activation mechanism, although
phosphorylation at the autophosphorylation site is required . Nitric oxide
selectively activates c-Src by causing aggregation of c-Src, promoting cross-




phosphorylation and amplified activation % Activation of members of the c-Src
family can result in activation of several pathways. A key c-Src family member
activation target is Ras (reviewed in "°). In addition, S-nitrosylation of cysteme 118
in by nitric oxide can also lead to Ras activation independent of Src activation ®
Hydrogen peroxide stimulates Ras and JAK2 activation, but only in mice w1th
functional c-Fyn, another member of the ¢-Src family that can also activate Ras ’
Activated Ras can target the MEK/ERK, JNK, and p38 MAPK pathways (revxewed
in *777892%) ' ROS have been documented to activate all of these pathways ***"**
' Treatment with hydrogen Perox1de results in Src-mediated activation of JNK,
ERK1/2, and p38 MAPK ***'®"1%2 " Others have shown that superoxide anion, but
not hydrogen peroxide, activates ERK 1/2, so the responses are likely to be cell
type or condition- spemﬁc % Superoxide anion activates p38 MAPK, most likely
by activation of c-Src 102.1% " Nitric oxide activates ERK1/2, JNK, and p38 MAPK
pathways 88.96.100 " The mechamsms of hydrogen peroxide-mediated activation of
JNK include targeted disruption of a complex of INK and glutathione-S-transferase
Pi '®. While incorporated in this complex, JNK is inactive. Hydrogen peroxide
caused oligomerization of the glutathione-S-transferase Pi, which dissociates from
the complex with JNK, leading to JNK activation.

4.2.1.3.2. Protein Kinase C

The PKC pathway is mainly impacted by ROS influences on intracellular
calcium levels. ROS have been shown to increase intracellular calcium ion levels
by both mobilization of intracellular stores and increases influx of calcium from the
extracellular environment "',

The amino terminus of ASK1 can bind with Trx, blocking ASK1 activation ",

"l:?;.]iés an oxidoreductase that in induced by oxidative stress and is redox sensitive
! . ROS causes Trx dxmenzatlon resulting in release of ASK1, which forms
multimers and becomes active """,

4.2.2. Nuclear proteins as targets for RONS
4.2.2.1. Transcription factor AP-1

AP-1 is a dimer of members of the Fos and Jun families and regulates
expression of a number of genes (reviewed in 1912% " In yeast, hydrogen peroxide
activates yAP-1, which activates genes involved in protection against oxidative
stress ', In hlgher organisms, ROS also activate AP-1 S04 STZEN  There are
several levels of AP-1 activation that are potential ROS targets: expression of Fos
and Jun family members, phosphorylation of Jun members by JNK, and oxidative
state of Trx. ROS increases in c-Fos and c-Jun mRNA levels, perhaps through
increasing intracellular calcium levels ' As noted above, oxidative-mediated
JNK activation has been documented. JNK specifically phosphorylates the amino
terminus of Jun, promotmg dimerization of with Fos family members and AP-1
activation (reviewed in '36). AP-1 is also sensitive to oxidized Trx levels and

activity is thus impacted by this redox sensitive protein '>’. The role of AP-1 in
promoting stress-induced apoptosis is not fully resolved, but has been shown to
activate FAS-ligand, a well-known apoptosis inducing agent (reviewed in

120-124
).




One possible mechanisms is that AP-1 has been implicated in repression of pro-
survival Bel-3 "*® and activation of the pro-apoptotic Bcl-2 family member Bax ',
Further, AP-1 has also been shown to promote survival of cells in some instances,
but the mechanisms of this are also not fully determined **'*.

4.2.2.2. Transcription factor STATS

STAT transcription factors regulate a number of protooncogenes including c-fos
and c-myc ““'?. The JAK-STAT pathway is activated by hydro$en peroxide,
raising the likelihood of regulation of transcriptional activity by ROS ™.

4.2.2.3.Transcription factor NFxB

ROS have been shown to activate NFkB in many cell types *°*'%12¢128:14¢
The mechanisms by which activation takes place appears to vary with the cell type.
Inactive NFxB is sequestered in the cytosol in a complex with IkB and activation
in response to external stimuli involves phosphorylation and targeted degradation of
IxB (reviewed in '**). A number of studies have supported ROS-mediated targeted
degradation of IxB, either with or without increased IkB phosphorylation **'**'**
%" In several cell types, NFkB responds directly to oxidative stress “'?'*!'%!,
Additionally, physiological levels of glutathione disulfide decrease NFxB binding
to DNA, suggesting another mechanism by which NFxB responds to the redox
state of the cell ', NFxB has been most classically associated with pro-survival
responses, but activation has also been associated with apoptosis induction in some
instances (reviewed in "**'*®). Pro-survival Bel-xL and Bcl-2 increase as a result of
NF«kB activation in many of the systems in which NFkB is involved in promoting
survival >’ In systems where NFkB promotes apoptosis, this may be, at least in
part, due to increase FAS transcription

5. CONCLUSIONS

Thus, a spectrum of signalling pathways both regulate mitochondria-derived
RONS in the cytosol and are downstream targets of RONS. This creates the
potential for a positive feedback amplification loop, significantly impacting the rate
of apoptosis. In addition, the observations that several of these pathways may
promote or suppress apoptosis and are regulated by RONS further suggests that the
ultimate survival of a cell is dependent on the redox state of the intracellular
environment.

Acknowledgements: This work was supported by grants ES011407-01 from the
National Institutes of Health, 37470-B4 Petroleum Research Fund (American
Chemical Society), and CC5675 Cottrell Research Corporation to C. G and the
Department of the Army Grant DAMD17-00-1-0346, the Minnesota Medical
Foundation, and the Lilly Center for Women’s Health to M. J. O..




10.

11.

12.

13.

14.

15.

16.

6. REFERENCES

Menzel, D.B. Toxicity of ozone, oxygen, and radiation. Annu Rev
Pharmacol 10, 379-94 (1970).

Gerschman, R. Biological Effects of Oxygen. in Oxygen in the Animal
Organism (eds. Dickens, F. & Niel, E.) 475-494 (Pergamon Press,
London, 1964).

Lander, H.M. An essential role for free radicals and derived species in
signal transduction. Faseb J 11, 118-24 (1997).

Finkel, T. Oxygen radicals and signaling. Curr Opin Cell Biol 10, 248-53
(1998).

Nose, K. Role of reactive oxygen species in the regulation of physiological
functions. Biol Pharm Bull 23, 897-903 (2000).

Chance, B., Jamieson, D. & Coles, H. Energy-linked pyridine nucleotide
reduction: inhibitory effects of hyperbaric oxygen in vitro and in vivo.
Nature 206, 257-63 (1965).

Loschen, G., Flohe, L. & Chance, B. Respiratory Chain Linked H202
Production in Pigeon Heart Mitochondria. FEBS Lert 18, 261-264 (1971).
Boveris, A., Oshino, N. & Chance, B. The Cellular Production of
Hydorgen Peroxide. Biochem J 128, 617-630 (1972).

Boveris, A. & Chance, B. The Mitochondrial Generation of Hydrogen
Peroxide: General Properties and Effect of Hyperbaric Oxygen. Biochem J.
134, 707-716 (1973).

Loschen, G., Azzim, A., Richter, C. & Flohe, L. Mitochondial H202
Formation: Relationship with Energy Conservation. FEBS Lett 33, 84-88
(1973).

Loschen, G., Azzim, A. & Richter, C. Superoxide Radicals as Precursors
of Mitochondrial Hydrogen Peroxide. FEBS Lett 42, 68-72 (1974).
Turrens, J.F. & Boveris, A. Generation of superoxide anion by the NADH
dehydrogenase of bovine heart mitochondria. Biochem J 191, 421-7
(1980).

Giulivi, C., Boveris, A. & Cadenas, E. Oxygen Radicals in Mitochondria:
Critical Evaluation of the Methodology Availabe for Estimating Steady-
State Concentrations of Oxygen Radidals. in Reactive Oxygen Species in
Biological Systems: Selected Topics (eds. Gilbert, D.L. & Colton, C.A.)
77-102 (Plenum Press, New York, 1999).

Oshino, N., Jamieson, D., Sugano, T. & Chance, B. Optical measurement
of the catalase-hydrogen peroxide intermediate (Compound I} in the liver
of anaesthetized rats and its implication to hydrogen peroxide production
in situ. Biochem J 146, 67-77 (1975).

Chance, B., Boveris, A., Oshino, N. & Loschen, G. The Nature of the
Catalase Intermediate in its Biological Function. in Oxidases and Related
Redox Systems, Vol. I (eds. King, T.E., Mason, H.S. & Morrison, M.)
350-353 (University Park Press, Baltimore, 1971).

Boveris, A., Cadenas, E. & Stoppani, A.O. Role of ubiquinone in the
mitochondrial generation of hydrogen peroxide. Biochem J 156, 435-44.
(1976).




18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32
33.

Beyer, R.E., Noble, W.M. & Hirschfeld, T.J. Alterations of Rat-Tissue
Coenxymes Q (Ubiquinone) Levels by Various Treatments. Biochim
Biophys Acta 57, 376-379 (1962).

Bredt, D.S. & Snyder, S.H. Isolation of nitric oxide synthetase, a
calmodulin-requiring enzyme. Proc Natl Acad Sci U S A 87, 682-5 (1990).
Mayer, B., John, M. & Bohme, E. Purification of a Ca2+/calmodulin-
dependent nitric oxide synthase from porcine cerebellum. Cofactor-role of
tetrahydrobiopterin. FEBS Lett 277, 215-9 (1990).

Schmidt, H.H. et al. Purification of a soluble isoform of guanylyl cyclase-
activating-factor synthase. Proc Natl Acad Sci U S A 88, 365-9 (1991).
Stuehr, D.J. & Marletta, M.A. Induction of nitrite/nitrate synthesis in
murine macrophages by BCG infection, lymphokines, or interferon-
gamma. J Immunol 139, 518-25 (1987).

Forstermann, U., Schmidt, H.H., Kohlhaas, K.L. & Murad, F. Induced
RAW 264.7 macrophages express soluble and particulate nitric oxide
synthase: inhibition by transforming growth factor-beta. Eur J Pharmacol
225, 161-5 (1992).

Feldman, P.L., Griffith, O.W. & Struehr, D.J. The surprising life of nitric
oxide. Chem. Eng. News 20, 26-38 (1993).

Gally, J.A., Montague, P.R., Reeke, G.N., Jr. & Edelman, G.M. The NO
hypothesis: possible effects of a short-lived, rapidly diffusible signal in the
development and function of the nervous system. Proc Natl Acad Sci U S
A4 87, 3547-51 (1990).

Moncada, S., Palmer, R M. & Higgs, E.A. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev 43, 109-42 (1991).
Wise, D.L. & Houghton, G. Diffusion coefficients of neon, krypton,
xenon, carbon monoxide and nitric oxide in water at 10-60 degrees C.
Chem. Eng. Sci. 23, 1211-1216 (1968).

Furchgott, R.F. & Vanhoutte, P.M. Endothelium-derived relaxing and
contracting factors. Faseb J 3, 2007-18 (1989).

Craven, P.A. & DeRubertis, F.R. Restoration of the responsiveness of
purified guanylate cyclase to nitrosoguanidine, nitric oxide, and related
activators by heme and hemeproteins. Evidence for involvement of the
paramagnetic nitrosyl-heme complex in enzyme activation. J Biol Chem
253, 8433-43 (1978).

Ignarro, L.J., Adams, J.B., Horwitz, P.M. & Wood, K.S. Activation of
soluble guanylate cyclase by NO-hemoproteins involves NO-heme
exchange. Comparison of heme-containing and heme-deficient enzyme
forms. J Biol Chem 261, 4997-5002 (1986).

Garthwaite, J., Charles, S.L. & Chess-Williams, R. Endothelium-derived
relaxing factor release on activation of NMDA receptors suggests role as
intercellular messenger in the brain. Nature 336, 385-8 (1988).

Shibuki, K. & Okada, D. Endogenous nitric oxide release required for
long-term synaptic depression in the cerebellum. Nature 349, 326-8
(1991).

Giuhvi, C., Poderoso, J.J. & Boveris, A. Production of nitric oxide by
mitochondria. J Biol Chem 273, 11038-43 (1998).

Giulivi, C. Functional implications of nitric oxide produced by
mitochondria in mitochondrial metabolism. Biochem J 332 ( Pt 3), 673-9
(1998).




34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,
45.
46.
47.

48.

49.

50.

Giulivi, C., Sarkela, T.M., Berthiaume, J. & Elfering, S. Modulation of
mitochondrial respiration by endogenous nitric oxide. FASEb J 13, A1554
(1999).

Tatoyan, A. & Giulivi, C. Purification and characterization of a nitric-
oxide synthase from rat liver mitochondria. J Biol Chem 273, 11044-8
(1998).

Elfering, S.L., Sarkela, T.M. & Giulivi, C. Biochemistry of
mitochondrial nitric-oxide synthase. J Biol Chem (2002).

Sarkela, T.M., Berthiaume, J., Elfering, S., Gybina, A.A. & Giulivi, C.
The modulation of oxygen radical production by nitric oxide in
mitochondria. J Biol Chem 276, 6945-9 (2001).

Bates, T.E., Loesch, A., Burnstock, G. & Clark, J.B.
Immunocytochemical evidence for a mitochondrially located nitric oxide
synthase in brain and liver. Biochem Biophys Res Commun 213, 896-900
(1995).

Kobzik, L., Stringer, B., Balligand, J.L., Reid, M.B. & Stamler, J.S.
Endothelial type nitric oxide synthase in skeletal muscle fibers:
mitochondrial relationships. Biochem Biophys Res Commun 211, 375-81
(1995).

Ghafourifar, P. & Richter, C. Nitric oxide synthase activity in
mitochondria. FEBS Lett 418, 291-6 (1997).

Ghafourifar, P., Schenk, U., Klein, S.D. & Richter, C. Mitochondrial
nitric-oxide synthase stimulation causes cytochrome c release from isolated
mitochondria. Evidence for intramitochondrial peroxynitrite formation. J
Biol Chem 274, 31185-8 (1999).

Sugano, T., Oshino, N. & Chance, B. Mitochondrial functions under
hypoxic conditions. The steady states of cytochrome ¢ reduction and of
energy metabolism. Biochim Biophys Acta 347, 340-58 (1974).
Dormann, S. et al. Intercellular induction of apoptosis through modulation
of endogenous survival factor concentration: a review. Anticancer Res 19,
87-103. (1999).

Carmody, R.J. & Cotter, T.G. Signalling apoptosis: a radical approach.
Redox Rep 6, 77-90 (2001).

Leist, M. & Jaattela, M. Four deaths and a funeral: from caspases to
alternative mechanisms. Nat Rev Mol Cell Biol 2, 589-98. (2001).
Ranger, A.M., Malynn, B.A. & Korsmeyer, S.J. Mouse models of cell
death. Nat Genet 28, 113-8. (2001).

Quaglino, D. & Ronchetti, I.P. Cell death in the rat thymus: A
minireview. Apoptosis 6, 389-401. (2001).

Zha, J., Harada, H., Yang, E., Jockel, J. & Korsmeyer, S.J. Serine
phosphorylation of death agonist BAD in response to survival factor
results in binding to 14-3-3 not BCL-X(L) [see comments]. Cell 87, 619-
28 (1996).

Yang, E. et al. Bad, a heterodimeric partner for Bcl-XL and Bcl-2,
displaces Bax and promotes cell death. Cell 80, 285-91 (1995).

Roberts, M.L., Virdee, K., Sampson, C.P., Gordon, 1. & Tolkovsky,

A M. The combination of bcl-2 expression and NGF-deprivation facilitates
the selective destruction of BAD protein in living sympathetic neurons.
Mol Cell Neurosci 16, 97-110 (2000).




51.

52.

53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.

Scheid, M.P., Schubert, K.M. & Duronio, V. Regulation of bad
phosphorylation and association with Bel-x(L) by the MAPK/Erk kinase. J
Biol Chem 274, 31108-13 (1999).

Zhou, X.M,, Liu, Y., Payne, G., Lutz, R.J. & Chittenden, T. Growth
factors inactivate the cell death promoter BAD by phosphorylation of its
BH3 domain on Serl55. J Biol Chem 275, 25046-51 (2000).

Cross, T.G. et al. Serine/threonine protein kinases and apoptosis. Exp Cell
Res 256, 34-41. (2000).

Tobiume, K. et al. ASK1 is required for sustained activations of INK/p38
MAP kinases and apoptosis. EMBO Rep 2, 222-8. (2001).

Davis, R.J. Signal transduction by the c-Jun N-terminal kinase. Biochem
Soc Symp 64, 1-12 (1999).

Kolch, W. Meaningful relationships: the regulation of the
Ras/Raf/MEK/ERK pathway by protein interactions. Biochem J 351 Pt 2,
289-305 (2000).

Mitsui, H. et al. The MEK1-ERK map kinase pathway and the PI 3-
kinase-Akt pathway independently mediate anti-apoptotic signals in
HepG2 liver cancer cells. Int J Cancer 92, 55-62. (2001).

Wang, X., Martindale, J.L. & Holbrook, N.J. Requirement for ERK
activation in cisplatin-induced apoptosis. J Biol Chem 275, 39435-43.
(2000).

Ishikawa, Y. & Kitamura, M. Dual potential of extracellular signal-
regulated kinase for the control of cell survival. Biochem Biophys Res
Commun 264, 696-701. (1999).

Moreno-Manzano, V., Ishikawa, Y., Lucio-Cazana, J. & Kitamura, M.
Suppression of apoptosis by all-trans-retinoic acid. Dual intervention in
the c-Jun n-terminal kinase-AP-1 pathway. J Biol Chem 274, 20251-8.
(1999).

Iryo, Y., Matsuoka, M., Wispriyono, B., Sugiura, T. & Igisu, H.
Involvement of the extracellular signal-regulated protein kinase (ERK)
pathway in the induction of apoptosis by cadmium chloride in CCRF-
CEM cells. Biochem Pharmacol 60, 1875-82. (2000).

Liu, Y., Yin, G., Surapisitchat, J., Berk, B.C. & Min, W. Laminar flow
inhibits TNF-induced ASK1 activation by preventing dissociation of
ASK1 from its inhibitor 14-3-3. J Clin Invest 107, 917-23. (2001).

Liu, W. et al. Endothelial cell survival and apoptosis in the tumor
vasculature. Apoptosis 5, 323-8. (2000).

Ichijo, H. et al. Induction of apoptosis by ASK1, a mammalian MAPKKK
that activates SAPK/INK and p38 signaling pathways. Science 275, 90-4.
(1997).

Kanamoto, T. et al. Role of apoptosis signal-regulating kinase in
regulation of the c-Jun N- terminal kinase pathway and apoptosis in
sympathetic neurons. Mo/ Cell Biol 20, 196-204. (2000).

Barrett, W.C. et al. Regulation of PTP1B via glutathionylation of the
active site cysteine 215. Biochemistry 38, 6699-705 (1999).

Droge, W. Free radicals in the physiological control of cell function.
Physiol Rev 82, 47-95 (2002).

Roth, S. & Droge, W. Regulation of T-cell activation and T-cell growth
factor (TCGF) production by hydrogen peroxide. Cell Immunol 108, 417-
24 (1987).




69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Roth, S. & Droge, W. Regulation of interleukin 2 production, interleukin
2 mRNA expression and intracellular glutathione levels in ex vivo derived
T lymphocytes by lactate. Eur J Immunol 21, 1933-7 (1991).

Roth, S., Gmunder, H. & Droge, W. Regulation of intracellular
glutathione levels and lymphocyte functions by lactate. Cell Immunol 136,
95-104 (1991).

Axline, S.G. Functional biochemistry of the macrophage. Semin Hematol
7, 142-60 (1970).

Beiging, L., Chen, M. & Whisler, R.L. Sublethal levels of oxidative
stress stimulate transcriptional activation of c-jun and suppress IL-2
promoter activation in Jurkat T cells. J Immunol 157, 160-9 (1996).
Berlett, B.S., Levine, R.L. & Stadtman, E.R. Comparison of the effects
of ozone on the modification of amino acid residues in glutamine
synthetase and bovine serum albumin. J Biol Chem 271, 4177-82 (1996).
Schmid, E., Holtz-Wagenblatt, A., Hack, V. & Droge, W.
Phosphorylation of the insulin receptor kinase by phosphocreatine in
combination with hydrogen peroxide. The structural basis of redox
priming. FAseb J 13, 1491-1500 (1999).

Tirosh, A., Potashnik, R., Bashan, N. & Rudich, A. Oxidative stress
disrupts insulin-induced cellular redistribution of insulin receptor
substrate-1 and phosphatidylinositol 3-kinase in 3T3-L1 adipocytes. A
putative cellular mechanism for impaired protein kinase B activation and
GLUTA4 translocation. J Biol Chem 274, 10595-602 (1999).

Porter, A.C. & Vaillancourt, R.R. Tyrosine kinase receptor-activated
signal transduction pathways which lead to oncogenesis. Oncogene 17,
1343-52 (1998).

Avruch, J. et al. Ras activation of the Raf kinase: tyrosine kinase
recruitment of the MAP kinase cascade. Recent Prog Horm Res 56, 127-55
(2001).

Campbell, S.L., Khosravi-Far, R., Rossman, K.L., Clark, G.J. & Der,
C.J. Increasing complexity of Ras signaling. Oncogene 17, 1395-413.
(1998).

Superti-Furga, G. & Courtneidge, S.A. Structure-function relationships in
Src family and related protein tyrosine kinases. Bioessays 17, 321-30
(1995).

Brown, M.T. & Cooper, J.A. Regulation, substrates and functions of src.
Biochim Biophys Acta 1287, 121-49 (1996).

Brumell, J.H., Burkhardt, A.L., Bolen, J.B. & Grinstein, S. Endogenous
reactive oxygen intermediates activate tyrosine kinases in human
neutrophils. J Biol Chem 271, 1455-61 (1996).

Hayashi, T., Ueno, Y. & Okamoto, T. Oxidoreductive regulation of
nuclear factor kappa B. Involvement of a cellular reducing catalyst
thioredoxin. J Biol Chem 268, 11380-8 (1993).

Nakamura, K. et al. Redox regulation of a src family protein tyrosine
kinase p56lck in T cells. Oncogene 8, 3133-9 (1993).

Schoonbroodt, S. et al. Crucial role of the amino-terminal tyrosine residue
42 and the carboxyl-terminal PEST domain of I kappa B alpha in NF-
kappa B activation by an oxidative stress. J Immunol 164, 4292-300
(2000).




85.

86.

87.
88.

89.
90.

91.
92.
93.
94.

9s5.

96.

97.

98.

99.

100.

101.

102.

Schreck, R., Rieber, P. & Baeuerle, P.A. Reactive oxygen intermediates
as apparently widely used messengers in the activation of the NF-kappa B
transcription factor and HIV-1. Embo J 10, 2247-58 (1991).

Akhand, A.A. et al. Nitric oxide controls src kinase activity through a
sulfhydryl group modification-mediated Tyr-527-independent and Tyr-416-
linked mechanism. J Biol Chem 274, 25821-6 (1999).

Lander, H.M. et al. A molecular redox switch on p21(ras). Structural basis
for the nitric oxide-p21(ras) interaction. J Biol Chem 272, 4323-6 (1997).
Lander, HM., Jacovina, A.T., Davis, R.J. & Tauras, .M. Differential
activation of mitogen-activated protein kinases by nitric oxide-related
species. J Biol Chem 271, 19705-9 (1996).

Lander, H.M. et al. Redox regulation of cell signalling. Nature 381, 380-1
(1996).

Lander, H.M., Ogiste, J.S., Pearce, S.F., Levi, R. & Novogrodsky, A.
Nitric oxide-stimulated guanine nucleotide exchange on p21ras. J Biol
Chem 270, 7017-20 (1995).

Abe, J. & Berk, B.C. Fyn and JAK2 mediate Ras activation by reactive
oxygen species. J Biol Chem 274, 21003-10 (1999).

Yordy, J.S. & Muise-Helmericks, R.C. Signal transduction and the Ets
family of transcription factors. Oncogene 19, 6503-13 (2000).

Segal, R.A. & Greenberg, M.E. Intracellular signaling pathways activated
by neurotrophic factors. Annu Rev Neurosci 19, 463-89 (1996).

Adler, V., Yin, Z., Tew, K.D. & Ronai, Z. Role of redox potential and
reactive oxygen species in stress signaling. Oncogene 18, 6104-11 (1999).
Abe, 1., Kusuhara, M., Ulevitch, R.J., Berk, B.C. & Lee, J.D. Big
mitogen-activated protein kinase 1 (BMK1) is a redox-sensitive kinase. J
Biol Chem 271, 16586-90 (1996).

Callsen, D., Pfeilschifter, J. & Brune, B. Rapid and delayed p42/p44
mitogen-activated protein kinase activation by nitric oxide: the role of
cyclic GMP and tyrosine phosphatase inhibition. J Immunol 161, 4852-8
(1998).

Elbirt, K.X., Whitmarsh, A.J,, Davis, R.J. & Bonkovsky, H.L.
Mechanism of sodium arsenite-mediated induction of heme oxygenase-1 in
hepatoma cells. Role of mitogen-activated protein kinases. J Biol Chem
273, 8922-31 (1998).

Baas, A.S. & Berk, B.C. Differential activation of mitogen-activated
protein kinases by H202 and O2- in vascular smooth muscle cells. Circ
Res 77, 29-36 (1995).

Ushio-Fukai, M., Alexander, R.-W., Akers, M. & Griendling, K.K. p38
Mitogen-activated protein kinase is a critical component of the redox-
sensitive signaling pathways activated by angiotensin II. Role in vascular
smooth muscle cell hypertrophy. J Biol Chem 273, 15022-9 (1998).
Pfeilschifter, J. & Huwiler, A. Nitric oxide stimulates stress-activated
protein kinases in glomerular endothelial and mesangial cells. FEBS Lett
396, 67-70 (1996).

Yoshizumi, M., Abe, J., Haendeler, J., Huang, Q. & Berk, B.C. Src and
Cas mediate JNK activation but not ERK1/2 and p38 kinases by reactive
oxygen species. J Biol Chem 275, 11706-12 (2000).

Pu, M. et al. Evidence of a novel redox-linked activation mechanism for
the Src kinase which is independent of tyrosine 527-mediated regulation.
Oncogene 13, 2615-22 (1996).




103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

115.

116.

117.

118.

119.

120.

Adler, V. et al. Regulation of INK signaling by GSTp. Embo J 18, 1321-
34 (1999).

Hehner, S.P. et al. Enhancement of T cell receptor signaling by a mild
oxidative shift in the intracellular thiol pool. J Immunol 165, 4319-28
(2000).

Doan, T.N., Gentry, D.L., Taylor, A.A. & Elliott, S.J. Hydrogen
peroxide activates agonist-sensitive Ca(2+)-flux pathways in canine venous
endothelial cells. Biochem J 297 ( Pt 1), 209-15 (1994).

Dreher, D. & Junod, A.F. Role of oxygen free radicals in cancer
development. Eur J Cancer 32A, 30-8 (1996).

Hallbrucker, C., Ritter, M., Lang, F., Gerok, W. & Haussinger, D.
Hydroperoxide metabolism in rat liver. K+ channel activation, cell volume
changes and eicosanoid formation. Eur J Biochem 211, 449-58 (1993).
Kumasaka, S., Shoji, H. & Okabe, E. Novel mechanisms involved in
superoxide anion radical-triggered Ca2+ release from cardiac sarcoplasmic
reticulum linked to cyclic ADP-ribose stimulation. Antioxid Redox Signal
1, 55-69 (1999).

Okabe, E. et al. Calmodulin participation in oxygen radical-induced
cardiac sarcoplasmic reticulum calcium uptake reduction. Arch Biochem
Biophys 255, 464-8 (1987).

Okabe, E. et al. The effect of ryanodine on oxygen free radical-induced
dysfunction of cardiac sarcoplasmic reticalum. J Pharmacol Exp Ther 256,
868-75 (1991).

Okabe, E., Sugihara, M., Tanaka, K., Sasaki, H. & Ito, H. Calmodulin
and free oxygen radicals interaction with steady-state calcium accumulation
and passive calcium permeability of cardiac sarcoplasmic reticulum. J
Pharmacol Exp Ther 250, 286-92 (1989).

Roveri, A. et al. Effect of hydrogen peroxide on calcium homeostasis in
smooth muscle cells. Arch Biochem Biophys 297, 265-70 (1992).

Saitoh, M. et al. Mammalian thioredoxin is a direct inhibitor of apoptosis
signal-regulating kinase (ASK) 1. Embo J 17, 2596-606 (1998).

Matsui, M. et al. Early embryonic lethality caused by targeted disruption
of the mouse thioredoxin gene. Dev Bio/ 178, 179-85 (1996).

Sachi, Y. et al. Induction of ADF/TRX by oxidative stress in
keratinocytes and lymphoid cells. Immunol Lett 44, 189-93 (1995).
Taniguchi, Y., Taniguchi-Ueda, Y., Mori, K. & Yodoi, J. A novel
promoter sequence is involved in the oxidative stress-induced expression
of the adult T-cell leukemia-derived factor (ADF)/human thioredoxin (Trx)
gene. Nucleic Acids Res 24, 2746-52 (1996).

Gopalakrishna, R. & Anderson, W.B. Ca2+- and phospholipid-
independent activation of protein kinase C by selective oxidative
modification of the regulatory domain. Proc Natl Acad Sci U S A4 86,
6758-62 (1989).

Konishi, H. et al. Activation of protein kinase C by tyrosine
phosphorylation in response to H202. Proc Natl Acad Sci U S A 94,
11233-7 (1997).

Angel, P. & Karin, M. The role of Jun, Fos and the AP-1 complex in cell-
proliferation and transformation. Biochim Biophys Acta 1072, 129-57
(1991).

Shaulian, E. & Karin, M. AP-1 as a regulator of cell life and death. Nat
Cell Biol 4, E131-6 (2002).




121.

122.

123.

124.

125.

126.
127.
128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Karin, M. & Shaulian, E. AP-1: linking hydrogen peroxide and oxidative
stress to the control of cell proliferation and death. [UBMB Life 52, 17-24
(2001).

Shaulian, E. & Karin, M. AP-1 in cell proliferation and survival.
Oncogene 20, 2390-400 (2001).

Shaulian, E. et al. The mammalian UV response: c-Jun induction is
required for exit from p53-imposed growth arrest. Cell 103, 897-907
(2000).

Shaulian, E. & Karin, M. Stress-induced JNK activation is independent of
Gadd45 induction. J Biol Chem 274, 29595-8 (1999).

Kuge, S. & Jones, N. YAPI1 dependent activation of TRX2 is essential for
the response of Saccharomyces cerevisiae to oxidative stress by
hydroperoxides. Embo J 13, 655-64 (1994).

Flohe, L., Brigelius, R., Saliou, C. & Traber, M. Redox regulation of
NF-kB activation. Free Radic Biol Med 22, 1115-1126 (1997).

Piette, J. et al. Multiple redox regulation in NF-kappaB transcription
factor activation. Biol Chem 378, 1237-45 (1997).

Sen, C. & Packer, L. Antioxidant and redox regulation of gene
transcription. Faseb J 10, 709-720 (1996).

Crawford, D., Zbinden, I., Amstad, P. & Cerutti, P. Expression of
oxidant stress-related genes in tumor promotion of mouse epidermal cells
JB6., 183-190 (Plenum, New York, 1987).

Janssen, Y.M., Matalon, S. & Mossman, B.T. Differential induction of c-
fos, c-jun, and apoptosis in lung epithelial cells exposed to ROS or RNS.
Am J Physiol 273, L789-96 (1997).

Meyer, M., Schreck, R. & Baeuerle, P.A. H202 and antioxidants have
opposite effects on activation of NF-kappa B and AP-1 in intact cells: AP-
1 as secondary antioxidant-responsive factor. Embo J 12, 2005-15 (1993).
Maki, A., Berezesky, LK., Fargnoli, J., Holbrook, N.J. & Trump, B.F.
Role of [Ca2+]i in induction of c-fos, c-jun, and c-myc mRNA in rat PTE
after oxidative stress. Faseb J 6, 919-24 (1992).

Morris, B.J. Stimulation of immediate early gene expression in striatal
neurons by nitric oxide. J Biol Chem 270, 24740-4 (1995).

Muehlematter, D., Ochi, T. & Cerutti, P. Effects of tert-butyl
hydroperoxide on promotable and non-promotable JB6 mouse epidermal
cells. Chem Biol Interact 71, 339-52 (1989).

Shibanuma, M., Kuroki, T. & Nose, K. Induction of DNA replication and
expression of proto-oncogene c-myc and c-fos in quiescent Balb/3T3 cells
by xanthine/xanthine oxidase. Oncogene 3, 17-21 (1988).

Weston, C.R. & Davis, R.J. The INK signal transduction pathway. Curr
Opin Genet Dev 12, 14-21 (2002).

Galter, D., Mihm, S. & Droge, W. Distinct effects of glutathione
disulphide on the nuclear transcription factor kappa B and the activator
protein-1. Eur J Biochem 221, 639-48 (1994).

Rebollo, A. et al. Bcl-3 expression promotes cell survival following
interleukin-4 deprivation and is controlled by AP1 and AP1-like
transcription factors. Mol Cell Biol 20, 3407-16 (2000).

Lei, K. et al. The Bax subfamily of Bcl2-related proteins is essential for
apoptotic signal transduction by c-Jun NH(2)-terminal kinase. Mol Cell
Biol 22, 4929-42 (2002).




140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Jenab, S. & Quinones-Jenab, V. The effects of interleukin-6, leukemia
inhibitory factor and interferon-gamma on STAT DNA binding and c-fos
mRNA levels in cortical astrocytes and C6 glioma cells. Neuroendocrinol
Lett 23, 325-8 (2002).

Kolonics, A. et al. Unregulated activation of STAT-5, ERK1/2 and c-Fos
may contribute to the phenotypic transformation from myelodysplastic
syndrome to acute leukaemia. Haematologia (Budap) 31, 125-38 (2001).
Servidei, T. et al. Coordinate regulation of STAT signaling and c-fos
expression by the tyrosine phosphatase SHP-2. J Biol Chem 273, 6233-41
(1998).

Simon, A.R., Rai, U., Fanburg, B.L. & Cochran, B.H. Activation of the
JAK-STAT pathway by reactive oxygen species. Am J Physiol 275,
C1640-52 (1998).

Monteiro, H.P. & Stern, A. Redox modulation of tyrosine
phosphorylation-dependent signal transduction pathways. Free Radic Biol
Med 21, 323-33 (1996).

Cramer, P. & Muller, C.W. A firm hand on NFkappaB: structures of the
IkappaBalpha-NFkappaB complex. Structure Fold Des 7, R1-6 (1999).
Beg, A.A., Finco, T.S., Nantermet, P.V. & Baldwin, A.S., Jr. Tumor
necrosis factor and interleukin-1 lead to phosphorylation and loss of 1
kappa B alpha: a mechanism for NF-kappa B activation. Mo/ Cell Biol 13,
3301-10 (1993).

Kretz-Remy, C., Bates, E.E. & Arrigo, A.P. Amino acid analogs activate
NF-kappaB through redox-dependent IkappaB-alpha degradation by the
proteasome without apparent IkappaB-alpha phosphorylation. Consequence
on HIV-1 long terminal repeat activation. J Biol Chem 273, 3180-91
(1998).

Kretz-Remy, C., Mehlen, P., Mirault, M.E. & Arrigo, A.P. Inhibition of
I kappa B-alpha phosphorylation and degradation and subsequent NF-
kappa B activation by glutathione peroxidase overexpression. J Cell Biol
133, 1083-93 (1996).

Manna, S.X., Zhang, H.J., Yan, T., Oberley, L.W. & Aggarwal, B.B.
Overexpression of manganese superoxide dismutase suppresses tumor
necrosis factor-induced apoptosis and activation of nuclear transcription
factor-kappaB and activated protein-1. J Biol Chem 273, 13245-54 (1998).
Traenckner, E.B., Wilk, S. & Baeuerle, P.A. A proteasome inhibitor
prevents activation of NF-kappa B and stabilizes a newly phosphorylated
form of I kappa B-alpha that is still bound to NF-kappa B. Embo J 13,
5433-41 (1994).

Mihm, S., Ennen, J., Pessara, U., Kurth, R. & Droge, W. Inhibition of
HIV-1 replication and NF-kappa B activity by cysteine and cysteine
derivatives. 4ids 5, 497-503 (1991).

Romas, E., Gillespie, M.T. & Martin, T.J. Involvement of receptor
activator of NFkappaB ligand and tumor necrosis factor-alpha in bone
destruction in rheumatoid arthritis. Bore 30, 340-6 (2002).

Said, S.I. & Dickman, K.G. Pathways of inflammation and cell death in
the lung: modulation by vasoactive intestinal peptide. Regu! Pept 93, 21-9
(2000).

Leong, K.G. & Karsan, A. Signaling pathways mediated by tumor
necrosis factor alpha. Histol Histopathol 15, 1303-25 (2000).




155.

156.

157.

158.

Hatada, E.N., Krappmann, D. & Scheidereit, C. NF-kappaB and the innate
immune response. Curr Opin Immunol 12, 52-8 (2000).

Li, X. & Stark, G.R. NFkappaB-dependent signaling pathways. Exp
Hematol 30, 285-96 (2002).

Glasgow, J.N. et al. Transcriptional regulation of the BCL-X gene by NF-
kappaB is an element of hypoxic responses in the rat brain. Neurochem
Res 26, 647-59 (2001).

Kuhnel, F. et al. NFkappaB mediates apoptosis through transcriptional
activation of Fas (CD95) in adenoviral hepatitis. J Biol Chem 275, 6421-7
(2000).



. .

L4 » v -
.

|

journal of Cellular Biochemistry 89:165-179 (2003)

Phosphatidylinositol 3-Kinase Coordinately Activates
the MEK/ERK and AKT/NFkB Pathways to Maintain
Osteoclast Survival

Anne Gingery,' Elizabeth Bradley,' Aubie Shaw,' and Merry Jo Oursler'**

' Department of Biochemistry and Molecular Biology, University of Minnesota, Duluth, Minnesota 55812
?Departments Biology, and Medical Microbiology and Immunology, University of Minnesota, Duluth,
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Abstract  We have examined highly purified osteoclasts that were generated in vitro from murine co-culture of
marrow precursors with stromal support cells and have found evidence of activation of the MEK/ERK and AKT/NFxB
survival pathways. Many mature marrow-derived osteoclasts survived for at least 48 h in culture whether or not they are
maintained with stromal cells. Moreover, supplementing purified osteoclasts with RANKL and/or M-CSF had no impacton
their survival pattern. In addition, spleen-derived osteoclasts generated with RANKL and M-CSF treatment exhibited a
similar survival pattern. Blocking MEK, AKT, or NFxB activity resulted in apoptosis of many, but notall, of the osteoclasts in
purified marrow-derived osteoclasts, marrow-derived osteoclasts co-cultured with stromal cells, and spleen-derived
osteoclasts maintained with RANKL and M-CSF. These data support that both the MEK/ERK and AKT/NFxB pathways
contribute to osteoclast survival. Since PI3K has been shown to activate either of these pathways, we have examined its
role in osteoclast survival. PI3K inhibition caused apoptosis of nearly all osteoclasts in purified and co-cultured marrow-
derived osteoclasts and spleen-derived osteoclasts maintained with RANKL and M-CSF. Interestingly, in marrow-derived
co-cultures, the apoptotic response was restricted to osteoclasts as there was no evidence of stromal support cell apoptosis.
PI3K inhibition also blocked MEK1/2, ERK1/2, and AKT phosphorylation and NFxB activation in purified osteoclasts.
Simultaneous blockage of both AKT and MEK1/2 caused rapid apoptosis of nearly all osteoclasts, mimicking the response
to PI3K inhibition. These data reveal that PI3K coordinately activates two distinct survival pathways that are both important
in osteoclast survival. ). Cell. Biochem. 89: 165-179, 2003.  © 2003 Wiley-Liss, Inc.
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Osteoclasts are the multinucleated hemato-
poetic cells that are responsible for most, if not
all, cellular-based bone destruction in verte-
brates. Osteoclast numbers are the main deter-
minant of the rate of bone resorption and it is of
great interest to understand how osteoclast
numbers are controlled [Suda et al., 1997]. Tt
is becoming increasingly evident that osteoclast
disappearance in vivo is the result of apoptosis
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[Lutton et al., 1996; Roodman, 1999]. Apoptosis
is a controlled series of events that results in
biochemical and morphological changes includ-
ing membrane blebbing, cell shrinkage, DNA
fragmentation, chromatin condensation, and
formation of apoptotic bodies. The mechanisms
by which mature osteoclasts survive remains
unresolved, but conflicting studies have impli-
cated either the PISK/AKT/NFxB or the MEK/
ERK pathways in osteoclast survival [Ozaki
et al., 1997; Lacey et al., 2000; Miyazaki et al.,
2000; Lee et al, 2001, 2002a,b; Lee and
McCubrey, 2002].

The MEK/ERK pathway has been implicated
in both survival and apoptosis induction, de-
pending on the signal and the cell system under
study [Ishikawa and Kitamura, 1999; Moreno-
Manzano et al., 1999; Iryo et al., 2000; Wang
et al., 2000; Mitsui et al., 2001]. Miyazaki et al.
[2000] examined the roles of MEK in osteo-
clast survival. This study documented that
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expression of constitutively active MEK caused
enhanced osteoclast survival. In support of a
role for this pathway in osteoclast survival,
others have demonstrated that ERK activation
is important in IL-1 and TNF-a-mediated osteo-
clast survival [Lee et al., 2001, 2002b].

The AKT/NFxB pathway is important in
promoting survival of a spectrum of cell types
[Romashkova and Makarov, 1999; Jones et al.,
2000; Lee et al., 2000; Madge and Pober, 2000;
Madrid et al., 2000; Reddy et al., 2000]. The role
of AKT in preventing apoptosis following growth
factor withdrawal is well documented, but there
is also evidence implicating it in survival in a
number of other systems. These include IGF-I,
EGF, oxygen stress, TNF-q, IL-1, and PDGF-BB
responses in various cells such as osteoblasts,
endothelial cells, and epithelial cells [Ahmad
et al., 1999; Ushio-Fukai et al., 1999; Madge and
Pober, 2000; Wang et al.,, 2000; Chaudhary
and Hruska, 2001; Hong et al., 2001]. There
are conflicting reports of the role of NFkB
in osteoclast survival. Ozaki et al. [1997]
have shown that chemical inhibition of NFxB
stimulated osteoclast apoptosis and inhibited
resorption, suggesting that NFkB activation
regulation is a key component in controlling
osteoclast apoptosis. In contrast, Miyazaki et al.
[2000] used expression of a dominant interfer-
ing form of IKK to inhibit NFkB activation and
found that this had no impact on osteoclast
survival. Thus, the role of NF«B in the regula-
tion of osteoclast survival and apoptosis is
unresolved.

PI3K is a lipid kinase that activates a variety
of signaling pathways including the MEK/ERK
as well as the AKT/NFkB pathways [Klippel
et al., 1997; Scheid and Duronio, 1998; Kelley
et al., 1999; Burow et al., 2000; Kuwahara et al.,
2000; Lederer et al., 2000; Bisotto and Fixman,
2001; Mograbi et al., 2001; Nosaka et al., 2001;
Agazie et al., 2002]. Some studies have docu-
mented that PI3K isinvolved in activation of the
MEK/ERK pathway while others have demon-
strated that ligand concentration determines
whether PI3K impacts this pathway [King
et al., 1997; Wennstrom and Downward, 1999;
McCubrey et al., 2001; Sheng et al., 2001; von
Gise et al., 2001]. There have also been in-
stances in which cross-talk between these path-
ways have been reported in which the PI3K
target AKT directly phosphorylates and inacti-
vates Raf-1 to repress the MEK/ERK path-
way [Rommel et al., 1999; Zimmermann and

Moelling, 1999; Reusch et al., 2001; Moelling
et al., 2002]. Since studies have documented
that NFxB and MEK may be involved in modu-
lating osteoclast survival by blocking apoptosis,
we have investigated the relationship of these
pathways in promoting osteoclast survival.

MATERIALS AND METHODS
Materials

Unless otherwise noted, all chemicals were
from Sigma Chemical Co., St. Louis, MO.

Osteoclast Culture and Purification

Mouse marrow and spleen containing osteo-
clast precursors were obtained from female
BalB/c mice (Taconic, Germantown, NY). Four-
to six-week-old mice were sacrificed and long
bones of the hind limbs and spleen were asep-
tically removed. The distal ends of bones were
clipped and the marrow was flushed out by
injecting sterile Mosconas buffer (8% NaCl,
0.2% KCl, 0.06% NaH,PO, + H,0, 2% glucose,
0.02% bicarbonate) into the marrow cavity with
a 27-gauge needle. Marrow cells were counted
and stored at 2.4 x 108 cells/tube in liquid nitro-
gen until used. Freezing media consisted of
12% dimethylsulfoxide (DMSO) in fetal bovine
serum (FBS) as has been previously reported
[Wesolowski et al., 1995]. To generate marrow-
derived osteoclasts, precursors were cultured
with ST2 stromal cells (Riken Cell Bank,
Tsukuba, Japan) during differentiation as fol-
lows: apoptosis assessment: ST2 cells were
plated in alpha-modified minimal essential
media («MEM, Gibco BRL, Grand Island, NY)
supplemented with 10% FBS (Hyclone, Logan,
UT) and antibiotic/antimycotic in 24-well plates
on glass coverslips at a density of 1.6 x 10° cells/
well. Biochemical assessments (Western blot-
ting and electrophoretic mobility shift assay
(EMSA) analysis): ST2 cells were plated in 6-
well plates at a density of 6.4 x 10° cells/well.
After 24 h of culture, marrow precursors were
plated as follows: for 24-well plates, marrow
were added at 1.18 x 10° cells/well, and for 6-
well plates, marrow cells were added at 4.75 x
10° cells/well. Precursors were added to the
stromal cells using MEM, 10% FBS, 1% non-
essential amino acids, and 1% penicillin/strep-
tomycin (base medium). Base medium was
supplemented with 7 x 107 M ascorbic acid
(Gibco BRL, Rockville, MD), 1 x 10~7 M dexa-
methasone, and 1 x 10~° M vitamin D3 (BioMol,
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Plymouth Meeting, PA) immediately before use
[Takahashi et al., 1988; Udagawa et al., 1990].
Cells were fed every 3 days until 13 days of
culture. Osteoclast-like cells are purified by
treatment for 15 min at 37°C with 0.2 mg/ml col-
lagenase (Worthington Biochemicals, Lakewood,
NdJ) in Ham’s F12 media (Gibco BRL) followed
by 30 min at 37°C with 0.2 mg/ml dispase
(Boehringer Mannheim, Framingham, MA) in
Ham’s F12 media to remove support cells. For
generating spleen-derived osteoclasts, spleen
cells were plated at 4 x 10° spleen cells per well
in a 24-well plate as published papers have
detailed for this model system [Sells Galvin
et al., 1999]. Base medium was supplemented
with 7 x 1073 M ascorbic acid prior to plating the
cells and cultures were supplemented with
30 ng/ml of RANKL (Calbiochem, La Jolla, CA)
and 25 ng/ml of macrophage colony stimulat-
ing factor (M-CSF) (R&D, Minneapolis, MN).
For both marrow- and spleen-derived cultures,
media was changed every 3 days and cells
were either fixed in 1% paraformaldehyde in
phosphate buffered saline to terminate culture
or treated as detailed below for individual
experiments.

Western Blotting

Osteoclasts were purified as above and either
harvested immediately for Western blotting or
cultured in MEM for the indicated time period,
rinsed with Mosconas buffer, and harvested for
Western blotting. Harvesting was accomplished
by scraping into SDS sample buffer lacking
B-mercaptoethanol and sodium dodecyl sulfate.
To insure that equal cell protein was analyzed,
equal (40 pg) cell protein (as determine using
BioRad’s Protein Quantitation in Detergent
Analysis kit) was loaded in each lane. Following
protein quantitation, B-mercaptoethanol and
sodium dodecyl sulfate were added to the sam-
ples. Parallel Western blotting was carried out
as directed in the product literature using
antibodies directed against phospho- or total
ERK1/2, MEK1/2, or AKT at a 1: 2,000 dilution
and secondary antibodies at a 1:10,000 dilution
with chemiluminescent detection using the
Pierce (Rockford, IL). All antibodies were from
Cell Signaling (Beverly, MA).

Apoptosis Detection

Marrow-derived osteoclasts that were either
maintained with stromal cells or purified as
above were cultured in base media for the

indicated time period, fixed with 1% parafor-
maldehyde and stained. Staining for two apop-
totic measures was as given below.

Chromatin condensation. Fixed osteo-
clasts were stained for 60 min with Hoechst
33258 diluted to 5 pg/ml in phosphate buffered
saline with 0.01% Tween 20. The cells were then
TRAP stained using a kit from Sigma Chemical
Co.

DNA fragmentation. Terminal deoxynu-
cleotide transferase (TdT)-mediated labeling of
fragmented DNA with fluorochrome conjugated
nucleotides was carried out using the FragEL
detection kit, following manufacturer’s instruc-
tions (Calbiochem). After labeling, cells were
examined with fluorescent microscopy, and cells
displaying strongly labeled/condensed nuclei
were scored as apoptotic.

Pattern of Osteoclast Survival

To examine the timing of osteoclast apoptosis,
mature marrow-derived osteoclasts were either
maintained with stromal cells or purified as
above, and culture conditions were continued as
indicated in the figure legend. Spleen-derived
osteoclasts were maintained with RANKL and
M-CSF throughout culture and treatments.
Cells were fixed and then Hoechst and TRAP
stained as above.

Inhibition of Signaling Pathway Components

Osteoclasts were generated and then either
pretreated for 45 min or purified in the presence
of either vehicle (DMSO), the PI3K inhibitors
LY294002 (50 uM) or wortmannin (10 pM), the
MEK 1 inhibitor PD98059 (50 pM), the MEK1/2
inhibitor U0126 (10 uM), an AKT inhibitor, a
phosphatidylinositol ether analog (Calbiochem,
San Diego, CA) (6 uM), or the NF«B activation
inhibitor pyrrolidine dithiocarbamate (PDTC)
(0.2 mM). Osteoclasts were either fixed (time
zero) or cultured for 90 min in the continued
presence of either vehicle or the indicated in-
hibitor, and assessed for apoptosis using chro-
matin condensation as above or analyzed by
Western blotting (MEK inhibition and antipho-
spho ERK Western blot) or EMSA (NFxB inhibi-
tion and NF«B activation analysis) as detailed
below.

EMSA

Purified osteoclasts were cultured for 0, 5, 10,
or 15 min and harvested on ice. Cell pellets were
scraped with hypotonic buffer (10 mM Tris-HCI,
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pH 7.4, 10 mM NaCl, 30 mM MgCl,, 0.02%
sodium azide, and 1 mM each of phenylmetha-
nesulfonyl fluoride, pepstatin, aprotinin, and
leupeptin). After 10 min on ice, 0.05% non-idet
P-40 was added and nuclei pelleted by centrifu-
gation at 2,500g for 5 min. Pellets were washed
in the above buffer and resuspended in 20 mM
HEPES, pH 7.4, 420 mM Na(Cl, 1.5 mM MgCl,,
0.2 mM EDTA, 25% glycerol, 0.01% sodium
azide with the above proteinase inhibitors.
Nuclear proteins wererecovered from the super-
natant following centrifugation at 12,000g for
10 min. A double stranded oligonucleotide con-
taining the site of interest was end labeled with
T4 polynucleotide kinase using y*2P[ATP]. The
NF«B target sequence used was: 5-AGTTGA-
GGGGACTTTCCCAGGC-3'. The binding assay
was performed by incubation of 5 pg of nuclear
proteins with 10,000 dpm of the labeled oligo-
nucleotide and 0.5 pg of oligo (dI-dT) in 8.5 mM
HEPES, pH 7, 104 mM NaCl, 0.2 mM DTT, 8.5%
glycerol for 20 min at 25°C. Treatment was
followed by polyacrylamide gel electrophoresis
in a 7% non-denaturing gel. Gels were dried and
examined by autoradiography. Paralle]l EMSA
of the 15-min nuclear extract in the presence of
antibodies (2 pg; Santa Cruz Biotechnology,
Santa Cruz, CA) directed against the p65 sub-
unit (p65) was also examined.

Statistical Analysis

The results represent the mean+SEM of
three replicates from one experiment. Each
experiment was carried out a minimum of three
times and the results shown are representative
of all results obtained. The effect of treatment
was compared with control values by one-way
analysis of variance (ANOVA); significant treat-
ment effects were further evaluated by the
Fisher’s least significant difference method of
multiple comparisons in a ANOVA. Tests were
carried out using Apple software, obtained from
Statview II, Abacus Concepts, Inc., Cupertino,
CA.

RESULTS

Examination of Active Signaling Pathways
in Purified Osteoclasts

As an initial study to characterize these cells,
osteoclasts were generated from co-culture of
marrow and ST2 support cells and purified by
enzymatic removal of stromal cells. Cells
were immediately harvested and analyzed by

A PURIFEED MATURE OSTEOCLASTS
AKT MEK ERK PHOSPHORYLATION

PAKT e pERK il pMEK &§
CHROMATIN
B TRAP CONDENSATION

C

Fig. 1. Characterization of purified osteoclasts. A: Mature
marrow-derived osteoclasts were purified and immediately
harvested. Forty micrograms of protein were analyzed by
Western blotting for phospho-AKT (pAKT), phospho-MEK
(pMEK), phospho-ERK1/2 (pERK1/2). Evaluation of osteoclast
apoptosis. B, C: Purified marrow-derived osteoclasts were
cultured for 90 min, fixed, and stained for TRAP and apoptosis
by detecting either chromatin condensation by Hoechst staining
(B) or DNA fragmentation staining (C). Arrows point to selected
non-apoptotic osteoclasts. The stars indicate selected apoptotic
osteoclasts.

Western blotting using phospho-specific anti-
bodies to pAKT, pMEK, and pERK1/2 (Fig. 1A).
We observed that there was phosphorylation of
AKT, MEK, and ERK1/2 in these cells. By
90 min of culture, there was no detectable phos-
phorylation of these proteins (data not shown).
These data documented that mature osteoclasts
showed evidence of transiently activated AKT,
MEK, and ERK1/2, intracellular proteins that
are reported to promote osteoclast survival. We,
therefore, initiated studies to examine whether
activation of these proteins in mature osteo-
clasts had an impact on their survival, the focus
of this manuscript. For our first studies, we
examined purified osteoclast survival following
90 min of culture using two measures for osteo-
clast apoptosis, chromatin condensation and
DNA fragmentation (Fig. 1B,C). The condensed
nuclei (Fig. 1B) and DNA fragmentation stain-
ing (Fig. 1C) distinguish apoptotic osteoclasts.
Stars point to selected apoptotic osteoclasts
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based on Hoechst staining (Fig. 1B) or DNA
fragmentation detection (Fig. 1C). The arrows
point to selected surviving osteoclasts.

Pattern of Osteoclast Survival in Culture

Having observed that many mature osteo-
clasts contain active pro-survival intracellular
proteins and survived following stromal cell re-
moval, we examined how long osteoclasts could
maintain themselves in vitro with and without
the presence of stromal cells using TRAP and
Hoechst staining. For these studies, we exam-
ined mouse osteoclasts from two sources for
their survival patterns in vitro: marrow-derived
osteoclasts generated in co-culture as above and
spleen-derived osteoclastsdifferentiated in vitro
with RANKL and M-CSF (Fig. 2). Once mature,
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Fig. 2. The pattern of osteoclast apoptosis. Marrow-derived
osteoclasts were either purified and cultured for the indicated
time (A), fixed at the indicated time as co-cultures (B), or purified
and cultured with 10 ng/m! RANKL and/or 25 ng/ml M-CSF as
indicated (C). Spleen-derived osteoclasts were maintained with
RANKL and M-CSF and analyzed on the indicated day of culture

marrow cells co-cultured with stromal cells
were either purified as above (Fig. 2A) or main-
tained in co-culture (Fig. 2B). As documented in
the purified osteoclasts graph there was rapid
apoptosis of approximately 25% of the osteo-
clasts present during 90 min of further culture.
With longer culture, a significant proportion of
surviving osteoclasts continued to show no in-
dication of apoptosis. We have examined cul-
tures for detached osteoclasts by cytospinning
culture supernatants and have found a few
apoptotic bodies. Due to the inability to deter-
mine cell numbers from these, we arerestricting
our analysis to counting apoptotic intact osteo-
clasts. However, the total number of osteoclasts
did not appreciably decrease over time, suggest-
ing that there were few cells released from the
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(D). The cells were stained for TRAP and chromatin condensa-
tion. Apoptotic osteoclasts were identified as TRAP stained cells
having highly condensed nuclei. The percentage of apoptotic
osteoclasts is shown (mean & SEM of three replicates). *P< 0.05
compared to earliest time point.
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coverslip. These studies raised the possibility
that stromal cell removal may be a trigger for
osteoclast apoptosis. Since osteoclasts do not
exist in vivo in the absence of stromal cells,
we have examined mature osteoclast cultures
maintained with stromal cells for apoptotic
osteoclasts over a time period similar to the
above studies (Fig. 2B). On culture day 13, ap-
proximately 25% of the osteoclasts were apop-
totic. Over the following 2 days, the proportion
of apoptotic osteoclasts further increased on
each successive day during co-culture with sup-
port cells. The discrepancy between the purified
(Fig. 2A) and co-culture day 13 time point
(Fig. 2B) is likely due to removal of apoptotic
osteoclasts from the coverslip when the stromal
cells were enzymatically removed. We have
also examined the influence of replacing
RANKL and/or M-CSF to the purified osteo-
clasts (Fig. 2C) and observed that replacing
RANKL or M-CSF or both for 90 min of culture
had no impact on apoptosis. To examine mouse
osteoclasts from a precursor population that has
few, if any, stromal cells, we used spleen cells
cultured without stromal cells as another model
systems (Fig. 2D). Spleen-derived osteoclasts
were fixed after the indicated time in culture,
stained, and evaluated as outlined above. As
documented in Figure 2D, there were some
apoptotic osteoclasts appearing by the first day
of analysis, day 6. There was a significant eleva-
tion in apoptosis above this level beginning at
day 8 and lasting throughout the analysis time.
As with the marrow-derived osteoclasts above,
there was significant numbers of surviving
osteoclasts in these cultures as well.

Examination of Osteoclast
Survival Mechanisms

Our time course studies document that sig-
nificant numbers of osteoclasts were surviving
in culture whether or not stromal cells, M-CSF
or RANKL were present and we have, therefore,
pursued the mechanisms by which they survive.
We have focused on the MEK/ERK and AKT/
NF«B pathways as they are two signaling path-
ways that have been well-documented to pro-
mote survival in a number of cell systems and
our data above support that they are activated
in purified osteoclasts.

Role of the MEK/ERK pathway in osteo-
clast survival. Initial studies of whether the
MEK/ERK pathway might be involved in osteo-
clast survival focused on examiningthe cultures

for evidence of activation of MEK and ERK
(Fig. 3). Due to the need to utilize the model
system with the purest osteoclast population,
Western blot analyses were carried out on puri-
fied marrow-derived osteoclasts. We are cogni-
zant that this is an artificial system in that
osteoclasts do not exist in vivo in the absence of
stromal cells, so all inhibition analyses are being
done with marrow-derived osteoclasts with and
without stromal cells and spleen-derived osteo-
clasts maintained with M-CSF and RANKL. As
seen by Western blot analysis (Fig. 3A), within
5 min of culture, there was increased phosphor-
ylation of MEK1/2 and ERK1/2. The most likely
explanation for this observation is that the
addition of serum (following its absence as the
result of the 45 min of culture during the treat-
ment period when stromal cells were removed)
caused this response. At time zero, there was
some evidence of MEK and ERK phosphoryla-
tion, although to a lesser extent than the culture
response. To verify that inhibiting MEK1/2
blocked ERK activation in our cultures we in-
itially determined whether 10 pM of the MEK1/
2 inhibitor U0126 blocked ERK phosphoryla-
tion. As shown in Figure 3B, this dose effectively
blocked phosphorylation of ERK1/2. These data
documented that we were effectively blocking
MEK-mediated ERK activation, so we exam-
ined the impact of blocking MEK1/2- and Raf
(which ean activate MEK) on osteoclast survi-
val. As revealed in Figure 3C,D, inhibition of
either Raf or MEK1/2 resulted in apoptosis
of over half of the osteoclasts within 90 min of
treatment independent of whether the osteo-
clasts were purified or maintained with stromal
cells, supporting an involvement of the Raf/
MEK1/2-ERK1/2 pathway in marrow-derived
osteoclast survival. Following purification in
Figure 3C, there was a significant level of apop-
tosisin the cultures (0 time). This is likely due to
the inclusion of the inhibitors during the 45-min
purification process. We next examine spleen-
derived osteoclasts and observed that inhibition
of either Raf or MEK1/2 for 2 h significantly
increased osteoclast apoptosis in these cultures
(Fig. 8E), supporting a role for the Raf/MEK/
ERK pathway in spleen-derived osteoclast
survival.

Role of the AKT/NFxkB pathway in
osteoclast survival. Since we detected phos-
phorylated AKT in freshly isolated osteoclasts
and the AKT/NFxB pathway has also been
implicated in promoting survival of a spectrum
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Fig. 3. The MEK/ERK pathway is involved in osteoclast survival.
Activation of MEK1/2 and ERK1/2 during culture. A: Purified
marrow-derived osteoclasts were cultured for 0-15 min as
indicated and harvested for Western blotting for pMEK or total
MEK (tMEK), pERK or total ERK (tERK) as described. The effects of
inhibition. B: Marrow-derived osteoclasts were treated with the
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15 min of culture. Cells were harvested for Western blotting for
PERK as described. C, D: Marrow-derived osteoclasts were
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inhibitor (C) or pre-treated with vehicle or the inhibitors for co-
culture analysis (D). Cells were either fixed (0 culture time) or
cultured in the presence of the same treatment for 90 min.
E: Spleen-derived osteoclasts were cultured for 2.5 h with vehicle
or the indicated inhibitor. After fixation, cells were stained for
TRAP and chromatin condensation. Apoptotic osteoclasts were
identified as above. The percentage of apoptotic osteoclasts is
shown (mean + SEM of three replicates). *P < 0.05: for 0 time,
compared to vehicle and for 90 min cultures, compared to both
vehicle and 0 time of same treatment.
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of cell types, we explored this pathway for
whether it may have a role in osteoclast survival
(Fig. 4). As above, we utilized purified osteo-
clasts from co-cultures of marrow precursors
with stromal cells for Western blot analyses and
examined the impact of blocking pathway
components using multiple model systems. We
first examined the impact of culture on osteo-
clast AKT phosphorylation (Fig. 4A). Within
5 min of culture, there was a striking increase in
AKT phosphorylation that persisted through
15 min of culture. Note that the time zero sample
again showed evidence of AKT phosphorylation.
Following the indication of AKT activation, we
examined the AKT target NFxB since it influ-
ences survival in many cell types [Ozes et al,,
1999; Xie et al., 2000; Madrid et al., 2001]. We
initially sought to determine if NFkB had a
potential role in osteoclast survival by assaying
for changes in NFkB activation during culture
(Fig. 4B). EMSA analysis of purified osteoclast
nuclear extracts revealed that there was evi-
dence of activation at time zero and a rapid
elevation in NFxB activation and nuclear locali-
zation when cultured further. To verify that we
were detecting NFkB, we performed parallel
EMSA of the 15-min nuclear extract in the
presence of antibodies directed against the p65
subunit (Fig. 4C). Based on the appearance of a
higher molecular weight complex concomitant
with a decrease in the intensity of the band at
the shifted location, we have documented that
this band in this EMSA is the complex of NFxB
and labeled oligo. Conflicting reports have
suggested that NFxB may be involved in osteo-
clast activation but perhaps not in survival
[Ozaki et al., 1997; Miyazaki et al., 2000]. We
have, therefore, employed chemical blocking of
both AKT and NFkB to study the role of the
AKT/NFkB pathway in osteoclast survival in
culture. Initially, we examined 0.2 mM of the
NFxB activation inhibitor PDTC to determine
thatit was effective at blocking NF«kB activation
and found that we were using an effective block-
ingdose (Fig. 4D). We then examined the impact
of blocking AKT or NF«B on osteoclast survival
(Fig. 4E—G). Within 90 min of culture with
either inhibitor, roughly half of the osteoclasts
were apoptotic in all model systems examined,
documenting that AKT and NFxB participatein
osteoclast survival independent of whether os-
teoclasts are cultured as purified cells (Fig. 4E),
maintained with support cells (Fig. 4F), or
maintained with RANKL and M-CSF (Fig. 4G).

As above, the apoptosis that was measured at
treatment time 0 in purified osteoclasts (Fig. 4E)
is likely due to the 45-min pretreatment during
purification. AKT promotes survival by phos-
phorylating a number of targets including
caspase 9, Bad, GSK-3, and FRAP/mTOR, which
targets p70 S6 kinase [Datta et al., 1997; Fujita
et al., 1999; Gingras et al., 1999; Khaleghpour
et al., 1999; Raught and Gingras, 1999; Beitner-
Johnson et al., 2001; Gingras et al., 2001]. Our
data do not support that these targets are
activated in osteoclasts, so these have not been
pursued further (data not shown). We conclude
from these data that AKT and NF«B are in-
volved in promoting osteoclast survival.

Role of PI3K in osteoclast survival.
Since PI3K is a multifunctional second messen-
ger that has been implicated in activating a
number of different survival signaling path-
ways, we examined whether blocking PI3K
activity influenced osteoclast survival. As with
the preceding blocking studies, we examined
pathway blocking using marrow-derived osteo-
clasts with and without purification as well as
spleen-derived osteoclasts. Figure 5A is a photo-
graph of a co-culture of marrow-derived osteo-
clasts cultured with stromal support cells that
has been incubated with 10 uM wortmannin for
2.5 h. In the picture, the TRAP staining photo-
graph taken with visible light was over-layered
with the fluorescent Hoechst stained same field
of view. The larger nuclei (selected ones are in-
dicated with arrows) that are surrounding and
over-laying the osteoclasts are the nuclei of the
TRAP-negative mononuclear stromal cells that
overlay and surround the purple TRAP-positive
multinucleated osteoclasts (indicated with the
stars). Interestingly, the 2.5-h treatment that
resulted in apoptosis of nearly all of the osteo-
clasts co-cultured with stromal cells, there was
no detectable apoptosis of the stromal cells. We
quantitated the apoptotic response of purified
osteoclasts, osteoclasts maintained with stro-
mal cells, and spleen-derived osteoclast. Inhibi-
tion of PI3K activity with either LY294002 or
wortmannin resulted in apoptosis of nearly all
of the osteoclasts in each of the model systems
examined (Fig. 5B-D).

Role of PI3K in regulating the MEK/
ERK and AKT/NFxB pathways. To deter-
mine whether PI3K was involved in activation
of either the MEK/ERK or AKT/NFkB pathway
in surviving osteoclasts, we examined the
impact of PI3K inhibition on both of these
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Fig. 4. The AKT/NFxB pathway is involved in osteoclast
survival. Activation of AKT/NFxB during culture. A-C: Purified
marrow-derived osteoclasts were cultured for 0-15 min as
indicated and harvested for Western blotting for pAKT or total
AKT (tAKT) as described (A). Purified marrow-derived osteoclasts
were cultured for 0-15 min as indicated and harvested for
nuclear extraction and electrophoretic mobility shift assay
(EMSA) analysis as described (B). As detailed in Experimental
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p65 subunit by the addition of anti-p65 antibodies prior to gel
analysis {(+ lane) (C). The effects of inhibition. D-G: Marrow-
derived osteoclasts were treated with either vehicle or 0.2 mM of
the NFxB activation inhibitor pyrrolidine dithiocarbamate
(PDTC) during purification and subsequent 15 min of culture.
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Cells were harvested after purification or culture for NFxB
activation as described (D). Marrow-derived osteoclasts were
either purified in the presence of vehicle, AKT or NFxB activation
inhibitor (E) or pre-treated with the inhibitors for co-culture
analysis (F). Spleen-derived osteoclasts were cultured for 2.5 h
with vehicle or the indicated inhibitor (G). Cells were either fixed
(0 culture time) or cultured in the presence of the same treatment
for 90 min. After fixation, cells were stained for TRAP and
chromatin condensation. Apoptotic osteoclasts were identified
as above. The percentage of apoptotic osteoclasts is shown
(mean = SEM of three replicates). *P<0.05: for 0 time, com-
pared to vehicle and for 90 min cultures, compared to both
vehicle and 0 time of same treatment.
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Fig. 5. PI3K mediates osteoclast survival. Examination of the

impact of PI3K inhibition of co-cultures. A: Marrow-derived
osteoclasts maintained with ST2 cells were treated for 2.5 h with
wortmannin, fixed and stained for TRAP and chromatin
condensation. Arrows point to selected non-apoptotic ST2 cells
in the co-cultured cells. The stars indicate selected apoptotic
osteoclasts in both pure and co-cultures. The effects of inhibition.
B-D: Marrow-derived osteoclasts were either purified in the
presence of vehicle or one of two PI3K inhibitors LY294002 or
wortmannin (B) or pre-treated with the inhibitors for co-culture

pathways. As documented in Figure 6A, both
PI3K inhibitors blocked phosphorylation of
AKT. Since the PI3K inhibitors blocked basal
osteoclast survival and AKT phosphorylation,
we examined if blocking PI3SK also blocked
osteoclast NFkB activation (Fig. 6B). Blocking
PI3K effectively blocked osteoclast NFkB acti-
vation, verifying that PI3K was initiating a
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analysis (C). Cells were either fixed (0 culture time) or cultured in
the presence of the same treatment for 90 min. Spleen-derived
osteoclasts were cultured for 2.5 h with vehicle or the indicated
inhibitor (D). After fixation, cells were stained for TRAP and
chromatin condensation. Apoptotic osteoclasts were identified
as above. The percentage of apoptotic osteoclasts is shown
{mean % SEM of three replicates). *P < 0.05: at 0 time, compared
to vehicle and at 90 min cultures, compared to both vehicle and
0 time of same treatment.

cascade that results in NFkB activation in
cultured osteoclasts. In many cell types, PI3K
activation results in stimulation of MEK-
mediated phosphorylation of ERK1/2, so we
examined whether blocking PI3K impacted the
rapid phosphorylation of MEK1/2 and ERK1/2
that we detected (Fig. 6C,D). We observed that
PI3K inhibition blocked phosphorylation of both
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Fig. 6. PI3K coordinately regulates both MEK/ERK and AKT/
NFxB pathway activation. The effects of PI3K inhibition on
phosphoprotein levels. A~D: Osteoclasts were either purified in
the presence of vehicle or one of two Pi3K inhibitors LY294002 or
wortmannin and either harvested (0) or cultured for 15 min (15')
with the same treatment. Cells were harvested for Western
blotting for pAKT or tAKT (A), pMEK or tMEK (C), or pERK or tERK
(D) as described. The effects of PI3K inhibition on NFxB
activation. B: Osteoclasts were either purified in the presence
of vehicle or wortmannin and either harvested (0) or cultured for
15 min (15} with the same treatment. Nuclear extracts were
assessed for activation and nuclear localization of NFxB by
EMSA analysis as described.

MEK and ERK in the osteoclast cultures. We
conclude from these data that PISK coordi-
nately activates both the AKT/NFxB and MEK/
ERK pathways to promote osteoclast survival.

Impact of blocking both AKT and MEK1/
2 on osteoclast survival. Since individual
blocking of AKT or MEK1/2 did not induce
apoptosis of all of the osteoclasts, we examined
the impact of blocking both of these pathways
together (Fig. 7). Simultaneous blockage of both
pathways resulted in apoptosis of nearly all
osteoclasts in both purified cultures (Fig. 7A),
co-cultures with stromal cells (Fig. 7B), or
spleen-derived osteoclasts maintained with
M-CSF and RANKL (Fig. 7C). This pattern
mimics the pattern observed when the PISK
pathway was blocked with either LY294002 or
wortmannin.

DISCUSSION

We have examined mature osteoclast survi-
val using a well-documented in vitro differen-
tiation system to generate large numbers of
mouse osteoclasts [Udagawa et al., 1990].
Others have reported that, once purified, these
osteoclasts rapidly apoptose [Fuller et al., 1993].
We have examined these cultures and found
that there was evidence of maintained activa-
tion of the AKT/NFxB and MEK/ERK path-
ways. These observations are in concordance
with the studies of Miyazaki et al. [2000] and
Xing et al. [2001] documenting activation of
osteoclast ERK and AKT, respectively. Further
study of the cultured osteoclasts derived from
marrow or spleen precursors reveal that, al-
though many mature osteoclasts apoptosed
once support cells were removed, a significant
number survived up to 48 h following purifica-
tion. Examination of marrow-derived osteoclast
cultures in which stromal cells were not remov-
edrevealed that, by day 13 of culture, there were
significant numbers of apoptotic osteoclasts and
that this number increased with culture time.
In the purified day 13 osteoclasts, we were not
able to detect these apoptotic cells prior to
subsequent culturing. This discrepancy is most
likely due to efficient removal of apoptotic
osteoclasts during the purification steps on
day 13. Further culture of both purified osteo-
clasts and co-cultures resulted in additional
apoptotic osteoclasts, although significant num-
bers of osteoclasts survived. Moreover, addition
of RANKL and/or M-CSF to purified osteoclasts
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Fig. 7. Inhibition of both AKT and MEK mimic the effects of

PI3K on osteoclast survival. Osteoclasts were either purified in
the presence of vehicle, or the AKT and the MEK1/2 inhibitor
U0126 combined together (AKT/MEK) (A) or pre-treated with the
same inhibitors for co-culture analysis (B). Cells were either fixed
(0 culture time) or cultured in the presence of the same treatment

did not measurably impact the rate of survival.
These data support that the removal of the
stromal cell-derived RANKL or M-CSF was not
the trigger for apoptosis but, rather, that osteo-
clasts maintain a rate of apoptotic death inde-
pendent of whether stromal cells were present.
Spleen-derived osteoclasts were generated by
culture with RANKL and M-CSF. Maintenance
of these cultures with RANKL and M-CSF did
not prevent apoptosis of some of the osteoclasts.
Taken together, these data support that there is
a sustained rate of apoptosis of some osteoclasts
while others survive in culture. The focus of the
remainder of this study was on the mechanisms
by which the cultured osteoclasts survived.
Our studies provided evidence of activation of
both the MEK/ERK and AKT/NFkB pathways
in surviving osteoclasts. Chemical blocking of
either of these pathways increased osteoclast
apoptosis independent of stromal cells or
- RANKL and/or M-CSF. Interestingly, signifi-
cant numbers of osteoclasts survived with sepa-
rate blockage of each of these pathways whereas
blocking PI3K resulted in apoptosis of nearly all
osteoclasts. Combined blocking of the AKT/
NF«B and MEK/ERK pathways mimicked the
PI3K blocking response, suggesting that co-
repression of these pathways induced apoptosis
in more osteoclasts than separate blocking of
each pathway osteoclast apoptosis. To better
explore the integration of these signaling path-
ways, we examined the impact of blocking PISK
on phosphorylation of MEK, ERK, and AKT as
well as NFkB activation and documented that
inhibition effectively blocked activation of these
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for 90 min. After fixation, cells were stained for TRAP and
chromatin condensation. Apoptotic osteoclasts were identified
as above. The percentage of apoptotic osteoclasts is shown
(mean £ SEM of three replicates). *P < 0.05: for O time, com-
pared to vehicle and for 90 min cultures, compared to both
vehicle and 0 time of same treatment.

downstream kinases. These data strongly sup-
port that PI3K coordinately activates two survi-
val pathways that have been shown in many
survival signaling systems to act independently
[Xue et al., 2000; Mograbi et al., 2001; Tsakiridis
et al., 2001; Agazie et al., 2002]. Recent studies
have shown that cross-talk between the AKT
and MEK/ERK pathways in muscle cells and
breast cancer cells involves AKT-mediated in-
activation of the MEK/ERK pathway. Direct
phosphorylation of Raf-1 by AKT repressed the
MEK pathway, switching MCF-7 breast cancer
cell line response from proliferation cell cycle
arrest [Zimmermann and Moelling, 1999].
Moreover, MCF-7 cells are regulated in a ligand-
and concentration-dependent manner to either
stimulate proliferation in response to insulin-
like growth factor I, again by selective PI3K-
mediated repression of the MEK/ERK pathway
[Moelling et al., 2002]. In myoblasts, there
was differentiation stage-specific inhibition of
the MEK/ERK pathway in response to IGF-I-
mediated AKT activation [Rommel et al., 1999].
In vascular smooth muscle cells, platelet-
derived growth factor stimulation the PI3K/
AKT pathway to promote differentiation re-
quired PI3K-mediated repression of the Raf/
MEK/ERK pathway [Reusch et al., 2001]. Thus,
to our knowledge, these are the first studies to
report that PI3K activates both the AKT/NFxB
and the MEK/ERK within the same time frame
to participate coordinately in survival.
Although many cytokines and other growth
factors impact osteoclast differentiation, there
are a more restricted number of external stimuli
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that have been documented to influence osteo-
clast survival. Among these, M-CSF, RANKL,
IL-1, and TNF-a have all been shown to promote
osteoclast survival. Interestingly, IL-1 and
TNF-a both promote osteoclast survival by
activation of both the ERK1/2 and the PI3K/
AKT pathways. Surprisingly, TNF-a, although
activating AKT, does not activate its well-
documented target NFxB in osteoclasts [Lee
et al., 2001]. Miyazaki et al. [2000] examined a
role for NFkB in osteoclast survival using ex-
pression of a dominant interfering form of IKK
to block NF«B activation. The data suggested
that NFxB activation was not necessary for
osteoclast survival. These results are in conflict
with the results of Ozaki et al. [1997] using
chemical inhibition of NFkB and Lacey et al.
[2000] showing that RANKL-mediated activa-
tion of NF«B is important in osteoclast survival.
In the studies reported here, blocking AKT or
NF«B effectively blocked survival of a signifi-
cant number of osteoclasts, although many cells
survived this treatment. These data support
that at least some osteoclasts require AKT/
NF«B activation for survival.

The published literature supports a role for
both AKT/NFxB and MEK/ERK in osteoclast
survival following inflammatory cytokine sti-
mulation. We report here for the first time that
PI3K coordinately activate these pathways to
promote osteoclast survival in the absence of
inflammatory cytokine treatment. To our know-
ledge, thisis the first report of the role of PI3K in
coordinately activating these pathways to sup-
port osteoclast survival. Excessive bone lossis a
major pathology in several diseases including
periodontitis, postmenopausal osteoporosis,
glucocorticoid-induced osteoporosis, and meta-
static tumor-driven osteolysis. These disparate
diseases share a common denominator in the
elevation in the numbers of osteoclasts present
during bone degradation. Since osteoclast num-
bers are controlled by impacting the rates of
differentiation and elimination by apoptosis,
understanding the mechanisms by which osteo-
clasts survive may be important to future
therapeutic designs to limit the number of
osteoclasts.
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Extensive bone metabolism studies have shown that the
rate at which osteoclasts resorb bone and osteoblasts replace
the lost bone with new bone are tightly coupled, creating a
scenario in which osteoclasts and osteoblasts communicate to
maintain a balance of bone resorption and formation.
Although it has been recognized for many years that estrogen
depletion at menopause results in a net loss of bone and that
this can be prevented by estrogen replacement therapy, the
mechanisms by which estrogen has this impact have remained
somewhat elusive. This breakdown in the balance of resorp-
tion and formation implies that estrogen loss uncouples the
resorption and formation phases of bone metabolism.
Discoveries of the mechanisms by which resorption and for-
mation are coupled and how estrogen loss disrupts this cou-
pling have been complicated by a number of factors including
the fact that the tissue is mineralized, there is cellular hetero-
geneity of the tissue, a relatively small number of cells are
available and they arc difficult to recover intact from the tis-
sue, and there is a lack of suitable cell lines for all stages of
differcntiation. In addition, the most powerful method for
studying bone metabolism, dynamic histomorphometry, is
invasive and cannot be accomplished on live tissue. Recent
advances in all of these areas have allowed for a more com-
plete picture of how estrogen modulates bone balance by
directly and indirectly targeting bone resorbing osteoclasts.
This summary will outline current knowledge of both of these
mechanisms by which estrogen impacts bone resorption.

Estrogen targets osteoclast numbers

It is generally acknowledged that the rate of bone resorp-
tion over the long term is modulated effectively by control-
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ling the number of osteoclasts present at the site of bone
resorption. Since cell numbers are influenced by the rate at
which they differentiate from precursors and the rate at
which they are eliminated, in this case through apoptosis,
both of these parameters are discussed.

Indirect estrogen effects on osteoclasts

Effects on differentiation: It is apparent that many of the
paracrine and endocrine mechanisms that regulate bone metab-
olism do so, at least in part, by targeting management of osteo-
clast differentiation’. A wealth of data document that receptor
activator of nuclear factor kappa B ligand (RANKL) is critical
for osteoclast differentiation. Interactions between RANKL
and its cognate receptor, RANK, are regulated by production of
a decoy receptor, osteoprotegerin (OPG)'. Many paracrine fac-
tors influence osteoclast differentiation by regulating RANKL
and OPG expression by stromal support cells*®. Saika et al."
have documented that the mouse ST-2 stromal cell line
responds to estrogen treatment with increased OPG expression.
Since OPG is a decoy receptor for RANKL, this suggests that at
least one mechanism by which estrogen regulates osteoclast dif-
ferentiation would be by repressing RANKL binding to RANK
on osteoclast precursors. Studies by Bord et al.'! documenting
that human osteoblasts respond to low dose estrogen treatment
with repression of RANKL while maintaining OPG expression,
support that modulating this mechanism may be key in estrogen
effects on osteoclast differentiation in human cells as well.
Whether these changes in the RANKL/OPG ratio are the direct
result of estrogen modulation of cither or both gene expressions
or through estrogen modulation of cytokines and other growth
factors that then impact this ratio is not resolved. Indeed, a
number of other studies, both in vivo and in vitro, have implicat-
ed multiple cytokines and other growth factors as being involved
in estrogen effects on osteoclast differentiation. These studies
have highlighted IL-6' IL-1 and/or TNF-o'*", 1L-11** and
IL-7%% as potential mediators of osteoclast differentiation.
Evidence that estrogen also modulates TGF-8 production by
osteoblasts, coupled with evidence that TGF-B regulates osteo-
clast differentiation, suggests that this growth factor may also
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play a critical part in osteoblast-mediated estrogen effects on
osteoclast differentiation®™,

Effects on apoptosis: Modulation of osteoclast survival
may also be important in controlling the number of osteo-
clasts present at sites of bone resorption. Hughes et al. have
shown that estrogen induces osteoclast apoptosis, a process
that was inhibited by antibodies to TGF-8~. Murakami et
al. have demonstrated that TGF-B8 treatment of co-cultures
of osteoclasts and support cells causes apoptosis by increas-
ing OPG”. Stromal cells respond to TGF-8 with increased
OPG expression and this is consistent with that observa-
tion”. Since estrogen increases osteoblast TGF-B produc-
tion, estrogen-induced osteoclast apoptosis is likely, at least
in part, to be mediated by osteoblast TGF-8 production™.

Direct estrogen effects on osteoclasts

Effects on differentiation: There has not been extensive
study of direct estrogen effects on osteoclast precursor dif-
ferentiation. Shevde et al.” have documented that estrogen
directly targets RANKL-induced osteoclast differentiation
by repressing c-Jun activation and that this responsc was
dependent on the estrogen receptor. Studies of Srivastava et
al.® have shown that estrogen treatment of osteoclast pre-
cursors results in down regulation of the c-Jun activating
kinasc JNK. These data support a direct action of estrogen
on osteoclast precursors to repress diffcrentiation and,
therefore, bone resorption levels.

Effects on apoptosis: The above discussion highlighted
that estrogen effects on osteoclast apoptosis may be mediat-
ed, at least in part, by estrogen stimulation of osteoblast
TGF-8 production causing OPG production. Interestingly.
when stromal cells arc removed trom the mature osteoclasts
in these studies, OPG was not involved in TGF-8-induced
osteoclast apoptosis®’. Thus, it appears that stromal or
ostcoblast OPG production is not the sole mechanism by
which estrogen causes osteoclast apoptosis. This intriguing
observation raises the important question of how osteoclast
TGF-B-induced apoptosis is driven.

Estrogen targets osteoclast activity

Much research has focused on estrogen regulation of the
number of ostcoclasts as this is a likely major mechanism by
which bone resorption in controlled in vivo over the span of
many years. However, there is a body of data that support
that, over the short term, modulation of osteoclast activity
may also result from changes in estrogen levels. /n vivo data
cxamining the effects of estrogen withdrawal on young
women support that decreased estrogen exposure may result
in increased activity levels of individual osteoclasts™. In
these studies, therapeutic lowering of serum estrogen levels
caused increased bone loss and elevated TRAP activity of
individual osteoclasts. In vitro studies of this possibility sup-
port this concept as well. Studies of mixed cell cultures con-
sisting of ostcoclasts and stromal or osteoblastic cells have
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shown that estrogen also modulates mature osteoclast bone
resorption activity. In studies of this nature, the target cell
for estrogen effects are impossible to discern due to the mul-

* tiple cell types present in the cultures. Because of this, these

studies are discussed below under the category of potential
indirect effects. In studies using highly purified osteoclasts or
studies comparing purified and co-culture responses, it is
possible to attribute the responses to direct effects on osteo-
clasts and these studies are considered separately.

Potential indirect estrogen effects on osteoclasts

Studies have shown that RANKL can activate mature
osteoclasts, so studies discussed above of estrogen modula-
tion of osteoblast RANKL and/or OPG have relevance here
in that increased RANKL and/or decreased OPG would acti-
vate mature osteoclasts. Moreover, an interesting study by
Parikka et al** examined mixed cultures plated on bone and
found that estrogen treatment resulted in shallower pits that
were filled with non-degraded collagen. Further examination
of this collagen led to the conclusion, on the basis of enzyme
specificity, that estrogen repressed cathepsin K activity. As
noted above, the mixed nature of these cultures means that
onc cannot discern the estrogen responding cell. However,
studics outlined below document that estrogen targets osteo-
clast cathepsin expression in highly purified cultures, sup-
porting that at least some of this observed effect is likely due
to direct estrogen effects on osteoclast cathepsin production.

Direct estrogen effects on osteoclasts

Pensler et al.* and Hoyland et al.* provided early evidence
of estrogen receptors in human osteoclasts. Studies of chick-
en, mouse, and rabbit osteoclasts have confirmed that mature
osteoclasts express estrogen receptors’™™. Human, mouse,
rabbit, and avian osteoclasts have been shown to respond to
estrogen trcatment with decreased resorption activity®™™.
Studies of the mechanisms of estrogen’s impact on osteoclast
activity can be divided into two categories: rapid effects that
presumably are non-genomic in nature and more delayed
effects that appear due to estrogen effects on ostcoclast gene
expression. Each of these will be considered separately.

Rapid non-genomic effects: Rapid estrogen responses
include increased acidification and modulation of Src kinase
activity® 2. Moreover, studies of rat osteoclasts have document-
ed rapid inhibition of superoxide anion generation and inward
rectifying K+ channel-mediated depolarization of the plasma
membrane**, Although studies of non-genomic estrogen
effects on mature osteoclasts are in their infancy, it appears that
these cells are among those that exhibit estrogen responses too
rapid to be genomic in nature.

Genomic effects: Direct estrogen effects on osteoclast
gene expression include rapid stimulation of ¢-fos and c-jun
expression, a response observed within 15 minutes of treat-
ment™, More long-term responses include repression of




TRARP as well as cathepsins B, L and K¥***_ These data sup-
port that estrogen modulation of mature osteoclast activity
may be mediated, at least in part, by direct repression of
expression of the genes for proteins involved in degrading
bone matrix, the cathepsins.

Conclusions and future directions

Recent advances in technology, coupled with advances in
model systems and our fundamental knowledge of osteoclast
biology are creating an environment where we will be rapid-
ly accumulating knowledge that, hopefully, will enable us to
therapeutically address fundamental issues relating to con-
trolling pathological bone loss. Undoubtedly, future thera-
pies will focus on the regulation of both osteoclast numbers
through targeting differentiation and survival as well as
repressing activity of mature osteoclasts to control bone
resorption.
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Abstract

During pathological bone loss, factors that are both stimulatory and inhibitory for osteoclast differentiation are over-expressed. Despite
the presence of inhibitory factors, osteoclast differentiation is significantly enhanced to bring about bone loss. To examine the hypothesis that
stimulatory growth factors overcome the effects of inhibitory factors, we have examined the ability of IGF-I, IGF-II, IL-6, LIF, and TNF-« to
overcome osteoclast differentiation inhibition by GM-CSF in vitro. Osteoclast numbers were significantly elevated by treatment with IGF-1,
IGF-11, IL-6, LIF, or TNF-a alone whereas GM-CSF treatment of stromal cell and osteoclast co-cultures inhibited osteoclast formation. IL-6,
LIF. or TNF-a, individually overcame GM-CSF inhibition whereas neither IGF-I nor IGF-II treatment overcame GM-CSF inhibition.
Interestingly, GM-CSF addition with either IL-6 or TNF-a increased osteoclast numbers beyond that seen with either IL-6 or TNF-a alone.
Combined treatment with TNF-o and IL-6 showed a significant increase in osteoclast numbers with GM-CSF addition. Examination of the
impacts of these growth factors individually or in combinations on stromal cell M-CSF, RANKL, and OPG expression revealed a complex

pattern involving alterations in the ratio of RANKL to OPG and/or M-CSF expression as candidate mechanisms of action.

© 2003 Elsevier Inc. ANl rights reserved.

Keywords: Osteoclastogenesis; GM-CSF; IGF-I; IGF-II; IL-6; LIF: TNF-a

Introduction

Mature osteoclasts form by differentiation from hemato-
poietic stem cells found in the marrow cavity [1]. Among
the growth factors that have been shown to individually
stimulate osteoclast diffcrentiation are the insulin-like
growth factors (IGF-1 and IGF-II), interleukin 6 (IL-6),
leukemia inhibitory factor (LIF), and tumor necrosis factor
alpha (TNF-ot) [2—-12]. One potent inhibitor of differentia-
tion is granulocyte/macrophage colony stimulating factor
(GM-CSF), which shifts a pluripotential progenitor popula-
tion away from the osteoclast lineage [13—17]. Conditions
in which pathological bone loss is seen include orthopedic
implant loosening, metastatic cancer, periodontal disease,
and myeloma. A number of studies have recently shown that
pathological bone loss in many cases is due to the stimu-
lation of osteoclastogenesis by growth factors. Increased
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secretion of IL-6 and TNF-a has been implicated in bone
loss associated with periodontal disease [18]. Macrophage
colony-stimulating factor (M-CSF) and TNF-a are sus-
pected to play a role in aseptic loosening of total hip
replacements due to their ability to stimulate osteoclast
formation and bone resorption [19,20]. Growth factors
secreted by metastatic breast tumors have the ability to
induce osteoclastic bone resorption and cause focal bone
loss or osteolysis [21,22]. During metastatic breast cancer,
osteoclast precursors are exposed to high levels of a variety
of growth factors that are secreted by the tumor cells as they
proliferate including IGF-1I, IL-6, and TNF-« [21]. In this
mix of stimulatory growth factors, GM-CSF was found, a
potent inhibitor of osteoclast differentiation.

The majority of data available support that the number of
osteoclasts present dictates the amount of bone resorbed.
Thus, factors that stimulate bone loss act primarily by
increasing the number of osteoclasts [23,24]. It is increas-
ingly apparent that many of the paracrine and endocrine
mechanisms that regulate bone metabolism do so, at least in
part, by targeting management of osteoclast differentiation.
A wealth of recent data has accumulated to document that
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M-CSF and receptor activator of nuclear factor kappa B
ligand (RANKL) are critical paracrine factors required for
osteoclast differentiation [25]. Interactions betwecn
RANKL and its cognate receptor, RANK, are regulated by
production of a decoy receptor, osteoprotegerin (OPG).
Many paracrine factors influence osteoclast differentiation
by regulating M-CSF, RANKL, and/or OPG expression by
stromal support cells [25-32]. Since M-CSF, RANKL, and
OPG are key factors that regulate osteoclast differentiation,
growth factor-mediated regulation of these is likely to be
important in impacting osteoclast numbers.

The effects of individual growth factors on osteoclast
formation have been studied extensively, but the effect of
combinations of growth factors on osteoclast formation have
been much more limited. A recent study by Ragab et al. [33]
revealed that IL-1, IL-6, IL-11, and TNF-a treatment togeth-
er resulted in a synergistic elevation in osteoclast differen-
tiation that was lacking when any one of the factors was
removed. During both normal bone metabolism and patho-
logical bone loss, osteoclast precursors are exposed to a host
of growth factors as they differentiate into functional osteo-
clasts and it is important to understand these potentially
complex interactions. Our previous studies have documented
that tumor cells that metastasize to bone secrete the IGF-H,
1L-6, LIF, TNF-a, and GM-CSF [21]. Therefore, we have
examined the effects of exposure to combinations of IGFs,
IL-6, LIF, TNF-a, and GM-CSF on osteoclast differentiation
using an in vitro model of osteoclast formation.

Materials and methods
Materials

ST2 mouse stromal cells were obtained from Riken
(Ibaraki, Japan). Human IGF-1 and IGF-II, murine GM-
CSF, human TNF-q, LIF, and IL-6 were purchased from
R&D Systems (Minneapolis, MN). Growth factors were
reconstituted in phenol red-free minimum essential media
containing 0.25% bovine serum albumin (Sigma Co, St.
Louis, MO) at the concentration recommended by the
manufacturer. A 1, 25-dihydroxyvitamin D3 was purchased
from Biomol (Plymouth Mecting, PA) and resuspended in
ethanol at a concentration of 10™* M. Dexamethazone was
purchased from Sigma and resuspended in ethanol at a
concentration of 10™* M.

In vitro osteoclast differentiation

Osteoclast precursors were harvested by flushing the
marrow from femurs of male Balb/C mice (Taconic, Ger-
mantown, NY), as we have described previously [34].
Marrow cells were centrifuged, resuspended in serum con-
taining 12% dimethy! sulfoxide, and frozen in liquid nitro-
gen until use. Mouse osteoclast-like cells were generated
from mouse marrow precursors using the method described

previously [34]. ST2 mouse stromal cells served as support
cells and were grown to confluence in alpha-modified
minimum essential medium (Sigma Co.) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT) at 37°C, 5%
CO,. ST2 cells were plated into 48-well plates at a density of
8 x 10* cells per well and allowed to attach for 8~18 h.
Osteoclast precursors were thawed into phenol red-free
minimum essential medium supplemented with 10% FBS,
and 50 ng/ml ascorbic acid. 1,25-Dihydroxyvitamin D3 and
dexamethazone were added to achieve a final concentration
of 10™7 M each. Precursors were plated at a density of 5 X
10* cells per well onto the attached ST2 cells and growth
factors were added. Growth factors doses were determined
from the midpoints of the 50% maximal effective doses
(EDsy) for each factor as determined by the supplier in cell
proliferation or cytotoxicity assays. These doses are 10 ng/ml
IGF-1 (MCF-7 cells), 10 ng/ml IGF-I1 (MCF-7 cells), 0.15
ng/ml GM-CSF (DA-3 cells), 0.05 ng/ml TNF-a (L-929
cells), 0.5 ng/ml IL-6 (T1165.85.2.1 cells), and 0.1 ng/ml
LIF (TF-1 cells). Media were changed every third day and
fresh 1,25-dihydroxyvitamin D,, dexamethasone, ascorbic
acid, and growth factors were added.

Visualization of osteoclasts

After 11 days in culture, cells were washed gently with
phosphate-buffered saline (PBS), pH 7.4, and fixed in a
solution of 1% paraformaldehyde in PBS. Cells were then
washed twice with water and stained for tartrate-resistant
acid phosphatase (TRAP) using a kit supplied by Sigma Co.
Multinuclear TRAP-positive cells were counted using an
inverted light microscope. Cells were counted by tabulating
the number of osteoclasts seen at 200x magnification across
a single diameter of a 48-well plate (12 fields of view). Each
treatment within an experiment was completed in triplicate
wells and all experiments were repeated at least once with
similar results.

Real time polymerase chain reaction analyses

ST2 cells were plated into 6-well plates at a density of
6.4 % 10° cells per well and allowed to attach for 12 h before
switching to phenol red-free minimum essential medium
supplemented with 10% FBS and 50 ng/ml ascorbic acid. 1,
25-Dihydroxyvitamin D; and dexamethazone were added to
achieve a final concentration of 1077 M as indicated.
Growth factors were added alone or in combination at the
concentrations outlined above and the cells cultured for an
additional 3 days. RNA was isolated using Trizol reagent
according to manufacturer’s protocol (Invitrogen, Carlsbad,
CA). Following LiCl precipitation to remove DNA, cDNA
was synthesized by standard protocol: 1 pg total RNA was
heat denatured at 68°C for 15 min in reverse transcription
reaction buffer (50 mM Tris—HCI, 75 mM KCI, 3 mM
MgCl,, 50 mM DTT, 1| uM dNTPs, 500 ng oligo-dT
primer). Following heat denaturation, 1 unit of MMLV-RT
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(Invitrogen) was added and the mixture incubated at 37°C
for 45 min followed by a 68°C incubation for an additional
15 min. For real-time PCR, the resultant cDNA was diluted
10-fold before analysis and 2 pl used for each reaction as
follows: PCR buffer (20 mM Tris—-HCI, 50 mM KCl, 3 mM
MgCl,), 300 nM of both the upstream and downstream
primers (see table below), and 1 unit of Taq Polymerase
(Promega). As a control, tubulin was always amplified
simultaneously in separate reactions. Message levels were

exaniined using the BioRad iCycler according to the spe-
cifics recommended by the manufacturer. The amount of
target cDNA in the sample, relative to tubulin, was calcu-
lated using the formula 2-AACt, where AACt is the differ-
ence between the target and tubulin levels. The results were
calculated as the relative quantification of the target gene
compared to a control (vehicle without vitamin D or
dexamethazone) treatment. The table below is the primer
sequences used for amplification.

Target mRNA 5" Primer 3 Primer

M-CSF CTCTGGCTGGCTTGGCTTGG GCAGAAGGATGAGGTTGTG
OPG ACGGACAGCTGGCACACCAG CTCACACACTCGGTTGTGGG
RANKL GGAGGACCATGAACCCTTTCC GCTGGCTGCTGCTTCACTGG
c-fims GGACTATGCTAACCTGCCAAG CTCTCCTCTTCTCCGTCAC
RANK GGAGCCTCAGGGTCCG GCCCGCTAGAGATGAACGTG
Tubulin CTGCTCATCAGCAAGATCAGAG GCATTATAGGGXTCCACCACAG

Ribonuclease protection assay

Osteoclast co-cultures or ST2 cells alone were treated
with growth factors during the 11-day differentiation period.
Total RNA was isolated using the acid guanidinium thiocy-
anate—phenol—chloroform method [35]. RNA was further
purified by lithium chloride precipitation followed by etha-
nol precipitation. Purified RNA was quantitated by UV
spectrophotometry. Ten micrograms of RNA was analyzed
by ribonuclease protection assay (RPA). RPA probe tem-
plates were purchased from BD PharMingen (San Diego,
CA). [a->?P]UTP-labeled RNA probes were generated using
in vitro transcription according to manufacturer’s protocol
(BD PharMingen). RNA probes were hybridized with the
RNA by heating to 90°C and slowly cooling to 50°C
overnight. RNase treatment was carried out according to
manufacturer’s protocol (BD PharMingen) and RNA—RNA
duplexes were purified by phenol-chloroform extraction
and cthano! precipitation. Fragments were separated by
denaturing polyacrylamide gel electrophoresis, the gel was
dried, and bands were visualized by autoradiography. The
identity of the various protected fragments was determined
by comparison with the undigested probe and positive
control mRNA using NIH Image software.

Statistical analysis

Data are presented as the mean of triplicate wells +
standard errors (SEM). Data points were compared using a
one-tailed Student’s ¢ test. Differences were considered to be
statistically significant at a 0.05 level of significance.
Results

Growth factor impacts on osteoclast formation

As shown in Fig. 1, IGF-1, IGF-1I, IL-6, LIF, or TNF-o
treatment during differentiation dose-dependently stimulat-

ed osteoclast formation. Maximal stimulation was approx-
imately 1.5- to 2-fold. In contrast, GM-CSF dose-de-
pendently inhibited osteoclast formation with complete
inhibition at 15 pg/ml. Osteoclast differentiation in this
culture system is dependent on vitamin D and glucocorti-
coid (dexamethazone) induction of RANKL and M-CSF as
well as repression of OPG in the stromal support cells. Since
these are potent regulators of osteoclast differentiation, we
have investigated the expression levels of these factors in
our cultures. As documented in Table 1, vitamin D and
dexamethazone increased RANKL while repressing OPG
expression as expected. GM-CSF, 1GF-I, LIF, and TNF-a
each increased both RANKL and OPG expression whereas
IGF-11 and IL-6 showed lower expression levels for both
RANKL and OPG compared to vitamin D and dexametha-
zone alone. Since the ratio of RANKL to OPG and M-CSF
expression levels are critical to the impact on osteoclast
differentiation, we examined growth factor impacts on these
in our culture system. As seen in Fig. 2, vitamin D and
dexamethazone increased both M-CSF expression and the
ratio of RANKL to OPG, as expected. GM-CSF treatment
lowered the RANKL/OPG ratio significantly as the result of
higher levels of OPG expression. Likewise, GM-CSF de-
creased M-CSF expression. With 1GF-1 treatment, the ratio
of RANKL to OPG was insignificantly higher than untreat-
ed cultures but lower than vitamin D- and dexamethazone-
treated cells while this treatment significantly increased M-
CSF expression. IGF-H or IL-6 elevated M-CSF levels
significantly and also significantly increased the RANKL/
OPG ratio, mainly due to decreased OPG expression. Both
LIF and TNF-o elevated M-CSF expression and also
increased the RANKL/OPG ratio due to increased RANKL
expression. :

Overcoming GM-CSF inhibition
The 50% effective dose (EDsy) for GM-CSF-mediated

repression of osteoclast differentiation in our cultures was
1.59 pg/ml. In co-cultures treated with the partial inhibi-
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Fig. 1. Effects of growth factors on osteoclast differcntiation. Mouse osteoclast-like cells were differentiated as described in the presence of vitamin D,
dexamethazone, and cither vehicle (0) or the indicated concentration of the indicated growth factor. Cells were TRAP stained after 11 days in culture and
multinucleated cells were counted by light microscopy. The ratio of treated to control cells was calculated. The mean control osteoclast count was 144 + 22.

*pP < (.05, significantly ditferent from vehicle-treated cells.

tory dose of GM-CSF (1.5 pg/ml), addition of the manu-
facturer’s EDs, dose of IL-6, LIF, or TNF-a blocked GM-
CSF-mediated repression (Fig. 3). Interestingly, the com-
bination of GM-CSF with cither IL-6 or TNF-a resulted in
increased osteoclast formation above the levels observed
without GM-CSF addition. Neither IGF-I nor IGF-II was
able to overcome GM-CSF-mediated inhibition of osteo-
clast differentiation. Examination of stromal cell RANKL
and OPG expression (Table 2) revealed that 1GF-I com-
bined with GM-CSF resulted in decrcased expression of
both factors compared to IGF-1 treatment alone. For the
IGF-1I treated cells, the addition of GM-CSF resulted in
increased expression of both RANKL and OPG. In the IL-

Table 1 :
Expression of RANKL and OPG following individual growth factor
treatment

Treatment —  VitD + GM-CSF IGF-1 IGF-I IL-6 LIF TNF-a
Dex

RANKL 10 27 10.4 240 1.0 20 424 154

orG 1.0 0.7 13.0 16.0 0.1 0.1 33 12

Real Time PCR analysis of RANKL and OPG mRNA levels. All samples
were normalized to tubulin to ensure consistent loading of total RNA. Data
are presented as treated/control (—) ratios of the mean of at least three
experiments.
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Fig. 2. Effects of growth factors on stromal cell RANKL/OPG ratio and
M-CSF expression detected by Real Time PCR analysis. All samples were
normalized to tubulin to ensure consistent loading of total RNA. Data are
presented as treated/control (no treatment) ratios of the mean of at least three
experiments. Vit.D + Dex = Vitamin D; plus dexamethizone. *P < 0.05,
significantly different from vitamin D and dexamethazone-treated cells.
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Fig. 3. The impact of stimulatory growth factors on GM-CSF-induced
repression of osteoclast differentiation. Mouse osteoclast-like cells were
differentiated as described in the presence of IGF-I. IGF-H, IL-6, LIF, or
TNF-q, each at their EDs, (see Materials and methods) in either the
absence (—) or presence (+) of 1.5 pg/ml GM-CSF. Cells were TRAP stained
after 11 days in culture and multinucleated cells were counted by light
microscopy. The ratio of treated to control (Vit.D + Dex) cells was
calculated. *Significantly different from GM-CSF only-treated cells, P <
0.05. The mean control osteoclast count was 152 + 37. **Significantly
different from each other. P < 0.05.

6 treated cultures, addition of GM-CSF resulted in de-
creased RANKL expression while OPG expression was
“essentially unchanged. Examination of the effects of GM-
CSF on either LIF or TNF-o responses showed that
RANKL expression decreased while OPG expression in-
creased with GM-CSF treatment. Comparisons of GM-CSF
treatment alone (10.4, Table 1) to the addition of another
growth factor (Table 2) showed that IGF-1, IL-6, and TNF-
o decreased whereas IGF-11 and LIF increased RANKL
expression. OPG expression comparisons between GM-
CSF alone (13.0, Table 1) and with addition of another
growth factor showed decreased OPG with IGF-I, IL-6,
LIF, and TNF-a co-treatment whereas expression increased
with IGF-Il. Examination of the ratio of RANKL to OPG

Table 2
Effect of GM-CSF on growth factor impacts on RANKL and OPG
expression

Treatment — VitD+Dex IGF-1 IGF-1 1L-6 LIF TNF-«
GM-CSF - — + — 4+ -+ o+ -+ -+
RANKL 1.027 104 2403.71.041.2200.1424 16115455
OPG 1.007 130 16.06.10.12940101 33 70 1278
Real Time PCR analysis of RANKL and OPG m-RNA levels. All samples
were normalized to tubulin to ensure consistent loading of total RNA. Data

are presented as treated/control (—) ratios of the mean of at least three
experiments.

(Fig. 4A) reveals that GM-CSF addition consistently
decreased the RANKL/OPG ratio for all growth factor
treatments when compared to growth factor without GM-
CSF. Comparing GM-CSF responses alone (0.8, Fig. 2) to
GM-CSF combined with another growth factor, the
RANKL/OPG ratio was decreased for IGF-I treatment
(0.6), remained relatively constant with TNF-a treatment
(0.7), and was elevated with the addition of IGF-II (1.4),
1L-6 (1.0), or LIF (2.3) to the GM-CSF treatment. A more
complex pattern was observed for M-CSF expression (Fig.
4B). In both IGF-I and IGF-II treatments, addition of GM-
CSF significantly decreased M-CSF expression whereas no
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Fig. 4. Effects of GM-CSF on growth factors treatment of stromal cells.
Real Time PCR analysis of RANKL/OPG ratios and M-CSF mRNA
levels. All samples were normalized to tubulin to ensure consistent loading
of total RNA. Data are presented as treated/control (no treatment) ratios of
the mean of at Jeast three experiments. *Significantly different from each
other, P < 0.05.
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significant change was observed in IL-6, LIF, and TNF-«
treated cultures when GM-CSF was added to the cultures.
Comparing GM-CSF treatment alone (0.5, Fig. 2) to co-
treatment, M-CSF expression increased with addition of
IGF-1 (2.2), IGF-II (2.8), LIF (3.6), and TNF-a 5.8) to
GM-CSF while 1L-6 addition decreased M-CSF gene
expression (0.2).

GM-CSF receptor expression

We next examined whether IL-6, LIF, or TNF-« re-
pressed expression of the GM-CSF receptor to block the
impact of GM-CSF on osteoclast differentiation (Table 3).
RPA analysis of the alpha subunit of the GM-CSF receptor
(GM-CSFRa) expression by support cells and osteoclast
co-cultures showed that GM-CSFRa was expressed by
osteoclast co-cultures and not support cells alone. GM-
CSFRa expression was slightly decreased following IL-6,
LIF, or TNF-a treatment. In GM-CSF-treated co-cultures,
there was no GMCSFRa detected, consistent with the
absence of ostcoclasts in these cultures. The signaling
component of thc GM-CSF receptor, Beta C (f3c), was
highly expressed by both osteoclast co-cultures and support
cells alone. As with GMCSFRe, it appears that ¢ receptor
expression is only slightly depressed with all growth factor
treatments.

Overcoming GM-CSF inhibition with growth factor
combinations

Since the milieu in which osteoclasts differentiate
includes multiple cytokines and other growth factors, we
examined the impact of combinations of IL-6, LIF, and
TNF-a on differentiation and overcoming GM-CSF-medi-
ated inhibition of osteoclast differentiation (Fig. 5). As
expected, addition of different combinations of growth
factors that individually blocked GM-CSF repression of
differentiation successfully blocked GM-CSF-mediated in-
hibition. Surprisingly, the combination of TNF-« and IL-6
with GM-CSF significantly stimulate differentiation com-
pared to TNF-a and IL-6 without GM-CSF. However,

Table 3
Expression of GM-CSF receptor mRNA is not altered by TNF-o, LIF, or
IL-6 treatment

Cell type S12 OC ST2 OC ST2 OC ST2 OC ST2 OC

Treatment  none GM-CSF  IL-6 LiF TNF-«
GM-CSFRa 0.00 1.27 0.00 0.00 0.00 0.75 0.00 0.90 0.00 0.87
Pe 1.30 144 0.70 0.86 093 0.72 0.77 0.97 0.84 0.84

Steady-state Jevels of GM-CSF receptor subunits in ST2 stromal support
cells {(ST2) and mousce osteoclast-like cell/ST2 cocultures (OC) treated with
the indicated growth factor at their respective EDsog were analyzed by RPA.
Quantitation was carried out by densitometry using NIH Image 1.61. All
samples were normalized to thc housckeeping gene GAPDH to ensure
consistent loading of total RNA. Data are presented as treated/control ratios
of relative optical densities.
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Fig. 5. Combinations of TNF-«, LIF, and 1L-6 with GM-CSF influences on
osteoclast differentiation. Mouse osteoclast-like cells were differentiated as
described in the absence (—) or presence (+) of 1.5 pg/ml GM-CSF and
various combinations of TNF-a, LIF, and IL-6 as indicated. Cells were
TRAP stained after 11 days in culture and multinucleated cells were
counted by light microscopy. The ratio of treated to control cells was
calculated. *Significantly different from control (untreated) cells, P < 0.05.
The mean control osteoclast count was 172 + 34. **Significantly different
from each other, P < 0.01.

addition of LIF to the TNF-a and IL-6 treatment resulted
in abrogation of the GM-CSF-induced augmentation in
osteoclast numbers. Examination of RANKL and OPG
expression following stromal cell treatment with these
combinations reveals that RANKL and OPG expression
increased in all cases with the addition of GM-CSF (Table
4). The ratio of RANKL to OPG (Fig. 6A) significantly
increased in the TNF-a plus IL-6 cultures with GM-CSF
addition. A similar response was seen with the combination
of TNF-a plus IL-6 plus LIF, although the magnitude of the
response was less. A comparable pattern was observed in
M-CSF expression (Fig. 6B).

RANK and c-fms expression

We examined the impacts of 1GF-1, IGF-IlI, IL-6, LIF,
TNF-a alone and in combinations on expression of the
receptors for M-CSF (c-fins) and RANKL (RANK) in
spleen cultures to determine if it was likely that these
growth factors impact c-fms and RANK expression in

Table 4
Effect of GM-CSF on RANKL and OPG expression following treatment
with growth factor combinations

Treatment LIF + 1L-6 + LIF + IL-6 LIF + TNF-« +
TNF-« TNF-a 1L-6

GM-CSF -~ + -+ - + — +

RANKL 02 293 0.6 527 220 524 226 118.3

OPG 02 434 07 95 184 307 112 35.1

Real Time PCR analysis of RANKL and OPG mRNA levels. All samples
were normalized to tubulin to ensure consistent loading of total RNA. Data
are presented as treated/control () ratios of the mean of at least three
experiments. :
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osteoclast precursors (Tablc 5). We have selected spleen
cultures as this mode! responds similarly to marrow pre-
cursors when treated with these growth factors (data not
shown) and the tissue is less diverse in cells likely to
express c-fms and RANK compared to marrow cultures.
Most of the growth factors, alone and in combinations, did
not significantly impact expression. However, expression
of c-fms was somewhat elevated by IL-6, LIF, and GM-
CSF treatment whereas RANK expression was elevated by
GM-CSF alone and in combination with IL-6. In contrast,
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Fig. 6. Effects of GM-CSF on stromal cells treated with combinations of
growth factors. Real Time PCR analysis of RANKL/OPG ratios and M-CSF
mRNA levels. All samples were normalized to tubulin to ensure consistent
Joading of total RNA. Data are presented as treated/control (no treatment)
ratios of the mean of at least three experiments. *Significantly different from
each other, P < 0.05.

Table 5
Effect of growth factors on c-fms and RANK expression in spleen cultures
containing osteoclast precursors

Treatment c-fms RANK
M-CSF + RANKL t+0 1£0
M-CSF + IGF-1 0.75 = 0.35 1.32 + 041
M-CSF + IGF-1I 1.01 + 0.77 093 = 0.17
M-CSF + IL-6 1.96 + 0.38* 1.21 £ 0.38
M-CSF + LIF 2.44 + 0.49* 1.02 + 0.21
M-CSF + TNF-a 0.90 + 0.06 0.54 + 0.47
M-CSF + GM-CSF 1.23 + 0.14* 1.68 + 0.20*
M-CSF + GM-CSF + IGF-1 0.85 + 0.09 0.82 + 0.28
M-CSF + GM-CSF + IGF-1I 0.99 £+ 0.21 0.91 £ 042
M-CSF + GM-CSF + IL-6 1.38 + 0.48 1.44 + 0.18*
M-CSF + GM-CSF + LIF 1.06 + 0.10 0.99 £ 0.01
M-CSF + GM-CSF + TNF-« 0.72 + 0.28 1.05 + 0.12
M-CSF + GM-CSF + IL-6 + TNF-a 0.93 + 0.21 09 + 0.19

Real-time PCR analysis of c-fimms and RANK mRNA levels. All samples
were normalized to tubulin to ensure consistent loading of total RNA. Data
are presented as treated/control (M-CSF + RANKL treatment) ratios of the
mean of two experiments.

* P < 0.05 compared to M-CSF + RANKL treatment.

there was reduced RANK expression following TNF-a
treatment.

Discussion

This initial phase of our studies of the impact of growth
factor interactions on osteoclast differentiation focused on
examining our culture system for consistency with pub-
lished data [9,24,33,36-38]. As expected, IGF-I, IGF-II, IL-
6, LIF, and TNF-a each individually stimulated osteoclast
differentiation in our cultures. Comparisons between our
gene expression results and published data reveal that many
of our studies of the individual growth factor effects mirror
what has already been published [2-12,39,40]. There are,
however, some interesting differences. Specifically, we
observed an increase in OPG following IGF-I treatment
while Rubin et al. [41] documented a decrease. Since both
sets of studies involved the ST2 stromal cell line, it must be
concluded that the plasticity in these cells through continual
passage in culture has lead to these differences in 1GF-1
responses. In both cases, however, the ratio of RANKL to
OPG was increased with treatment. Nakashima et al. [42]
found that IL-6 increased RANKL, and TNF-a decreased
OPG expression in primary calvarial cells. In contrast, we
were unable to detect an impact of IL-6 on RANKL and saw
an increase in OPG following TNF-a treatment. Thesc
differences are likely due to differences in the model
systems being studied, perhaps reflecting the heterogeneity
of the calvarial culture model. Evaluation of articular
cartilage and chondrocyte monolayers revealed no impact
of IL-6 or LIF on M-CSF expression whereas GM-CSF
treatment increased M-CSF expression [43]. Our studies
showed that, in ST2 cells, 1L-6 and LIF increased M-CSF
expression and GM-CSF decreased M-CSF expression.
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Again, these differences are likely duc to the differences in
the phenotypes of these cells.

Previous studies have shown that GM-CSF has opposing
effects on osteoclast formation, appearing to depend on the
state of differentiation of the target cell. GM-CSF stimulates
proliferation of early pluripotential osteoclast precursors,
but potently inhibits later stages of osteoclast differentiation
by dirccting the pluripotential cells along alternate pathways
[13-17]). The data presented here show that GM-CSF
potently inhibits osteoclast formation from marrow precur-
sors. Since GM-CSF is often produced in large quantities
during pathological bone loss, we wanted to understand how
osteoclasts are formed in the presence of this potent inhib-
itor. GM-CSF effects were abolished by the presence of IL-
6, LIF, or TNF-a. Similar to GM-CSF, TNF-a, LIF, and IL-
6 affect relatively early stages of osteoclast differentiation
[44-46]. This overlap may allow these factors to overcome
inhibition by GM-CSF. Indeed, differentiation induced by
LIF, IL-6, or TNF-a was further enhanced by GM-CSF,
indicating an additive or synergistic interaction between
thesc factors. We examined GM-CSF impacts on M-CSF,
RANKL, and OPG expression levels following IGF-1, IGF-
1I, LIF, IL-6, or TNF-a co-treatments and found that there
was no consistent pattern of responses. RANKL increased
when GM-CSF was combined with IGF-II yet decreased
when combined with 1GF-1, IL-6, or TNF-a. Likewise, OPG
responses were similarly mixed with increased OPG fol-
lowing IGF-1I, LIF, or TNF-a co-treatment, decreased OPG
expression with IGF-1I co-treatment, and no impact with IL-
6 co-treatment. In all cases, the ratio of RANKL to OPG
was repressed with GM-CSF co-treatment regardless of
whether the growth factor was able to overcome GM-
CSF-mediated repression of osteoclast differentiation. How-
ever, examination of GM-CSF impacts on the M-CSF
showed repression of expression when the growth factor
was unable to overcome GM-CSF-mediated repression of
osteoclast differentiation (either IGF-1 or IGF-11) and an
inability of GM-CSF to repress M-CSF expression when the
growth factor was able to overcome GM-CSF effects (IL-6,
LIF, or TNF-o). Thus, it appears that blocking GM-CSF-
mediated repression of M-CSF enables LIF, 1L-6, or TNF-«
to overcome GM-CSF inhibition of osteoclast differentia-
tion. In contrast with our studies, Miyamoto et al. [13]
documented that GM-CSF inhibited osteoclast differentia-
tion following treatment with either RANKL plus M-CSF or
TNF-a in the absence of M-CSF. Moreover, Servet-Delprat
et al. [47] found that GM-CSF plus TNF-«a directs macro-
phage precursors to dendritic cells. These discrepancics may
be due to differences in model systems studied since our
responses arc to the combined effects of stromal cell-derived
M-CSF and RANKL plus the growth factor under study.
Since IL-6, LIF, or TNF-« seemed to render cells unrespon-
sive to GM-CSF, we examined expression of the GM-CSF
receptor in co-cultures stimulated by these factors. Our data
support that the inability of GM-CSF to repress osteoclast
formation in the presence of [L-6, LIF, or TNF-« is not due

to downregulation of GM-CSF receptor transcription. Ex-
amination of expression of c-fims and RANK also did not
provide consistent insights into mechanisms of action.
Although there were some statistically significant impacts
on expression, the lack of magnitude of these responses
supports that regulation of expression of the receptors for
M-CSF and/or RANKL is not likely to be the principle
mechanism by which these growth factors impact osteoclast
differentiation. The TNF-a-induced reduction in RANK
expression may reflect the observations that TNF-o-medi-
ated stimulation of osteoclastogenesis is independent of
RANK stimulation. The observation that GM-CSF slightly
elevated expression of c-fms and RANK supports that it is
unlikely that GM-CSF-mediated repression of osteoclast
differentiation is due to repression of the receptors for M-
CSF or RANKL, at least within 3 days of treatment.

Given our data, it was not surprising that combinations of
growth factors that individually could overcome GM-CSF-
mediated repression of osteoclast differentiation also blocked
this repression when combined together. What was surprising
was that the addition of GM-CSF to the TNF-a plus IL-6
treatment enhanced osteoclast differentiation compared to the
absence of GM-CSF. Gene expression studies revealed a
synergistic increase in both the ratio of RANKL to OPG and
M-CSF expression with GM-CSF addition. Curiously, add-
ing LIF to the combined 1L-6 and TNF-a did not result in
increased osteoclast numbers with GM-CSF addition. Al-
though the combination of TNF-a plus IL-6 plus LIF also
showed gene expression pattern similar to cultures lacking
LIF addition, the magnitude of this enhancement was much
less when LIF was added. These data support that the additive
response observed in osteoclast differentiation results from
the magnitude of the increase in the RANKL/OPG ratio and
M-CSF expression.

The data here presented show that the combined effects
of growth factors secreted during pathological bone loss
enhance osteoclast differentiation beyond that of individual
growth factors when GM-CSF was added to the TNF-a plus
IL-6 co-cultures. The data also suggest that GM-CSF may
also contribute to elevated osteoclast differentiation in a
varicty of conditions where 1L-6, LIF, and TNF-a are
present together. Therefore, the variety of growth factors
secreted during pathological bone loss may provide an
effective means for generating large quantities of osteo-
clasts, overcoming the presence of growth factors that
individually repress osteoclast differentiation. We conclude
from these studies that plans to target individual growth
factors for controlling osteoclast numbers must consider the
entire milieu in which pathological bone loss proceeds to
design effective therapies.
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Roles of Stromal Cell RANKL, OPG, and M-CSF
Expression in Biphasic TGF-B Regulation of
Osteoclast Differentiation
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To better understand the complex roles of transforming growth factor-beta (TGF-f)
in bone metabolism, we examined the impact of a range of TGF-$ concentrations
on osteoclast differentiation. In co-cultures of support cells and spleen or marrow
osteoclast precursors, low TGF-f§ concentrations stimulated while high concentra-
tions inhibited differentiation. We investigated the influences of TGF-B on
macrophage colony stimulating factor (M-CSF), receptor activator of NF-kB ligand
(RANKL), and osteoprotegerin (OPG) expression and found a dose dependent
inhibition of M-CSF expression. RANKL expression was elevated at fow TGF-B
concentrations with a less dramatic increase in OPG. Addition of OPG blocked
differentiation at the stimulatory TGF-8 dose. Thus, low TGF-B concentrations
elevated the RANKL/OPG ratio while high concentrations did not, supporting that,
at low TGF-B concentrations, there is sufficient M-CSF and a high RANKL/OPG
ratio to stimulate differentiation. At high TGF-f concentrations, the RANKL/OPG
ratio and M-CSF expression were both repressed and there was no differentiation.
We examined whether TGF-B-mediated repression of osteoclasts differentiation is
due to these changes by adding M-CSF and/or RANKL and did not observe any
impacton differentiation repression. We studied direct TGF- impacts on osteoclast
precursors by culturing spleen or marrow cells with M-CSF and RANKL. TGF-8
treatment dose-dependently stimulated osteoclast differentiation. These data
indicate that low TGF-B levels stimulate osteoclast differentiation by impacting
the RANKL/OPG ratio while high TGF-B levels repress osteoclast differentiation by
multiple avenues including mechanisms independent of the RANKL/OPG ratio or

M-CSF expression regulation. J. Cell. Physiol. 200: 99-106, 2004.

© 2004 Wiley-Liss, Inc.

Transforming growth factor-beta (TGF-B) is a ubiqui-
tous multifunctional cytokine that has a spectrum of
influences. The variety of reported responses to TGF-p
depends, at least in part, on experimental conditions as
well as the cell type under study. Within the bone
environment, TGF-B is a key regulator of bone metabo-
lism. Although all TGF-B isoforms bind to the same
receptor complex, there have been some reports of
different cellular responses to the different isoforms
(Jennings et al., 1988; Segarini et al., 1988; ten Dijke
et al., 1990; Liyons et al., 1991; Liu et al., 2000). In the
presence of stromal support cells, TGF-B1 has a biphasic
effect on osteoclast differentiation from marrow pre-
cursors, in that TGF-B1 stimulates differentiation at a
low dose while inhibiting differentiation at a higher
dose (Shinar and Rodan, 1990; Mundy, 1991; Yamagu-
chi and Kishi, 1995). Spleen cells, as well as marrow
cells, contain osteoclast precursors and the possibility
of a biphasic effect of TGF-B on spleen cell precursor
differentiation has not yet been studied.

© 2004 WILEY-LISS, INC.

A great deal of information on osteoclast differentia-
tion has been investigated using a co-culture system of
osteoclast precursors from either spleen or marrow
combined with a support cell line, such as osteoblasts or
stromal cells (Udagawa et al., 1990; Takahashi et al.,
1995). From these studies, it has been demonstrated
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that many factors influence osteoclast differentiation
through effects on support cells (Khosla, 2001; Suda
et al., 2001). It has been well-documented that macro-
phage colony stimulating factor (M-CSF) is required for
osteoclast differentiation (Yoshida et al., 1990; Kodama
et al., 1991; Takahashi et al., 1991; Suda et al., 1993).
Although it has been documented that TGF-B influences
M-CSF stimulated osteoclast differentiation, the impact
of TGF-B on M-CSF expression has not been investi-
gated during osteoclastogenesis (Sells Galvin et al.,
1999; Fox et al., 2003). It is a goal of the research
described here to address this question. There is also
overwhelming evidence that interaction with support
cell-derived receptor activator of NF-xB ligand
(RANKL) induces osteoclast differentiation (Simonet
et al., 1997; Suda et al., 2001). Osteoprotegerin (OPG) is
a secreted stromal cell-derived decoy receptor that
specifically binds RANKL and inhibits osteoclast differ-
entiation (Simonet et al., 1997; Suda et al., 2001). The
balance of RANKL relative to OPG expression mod-
ulates the rate of osteoclast differentiation and many
factors that influence osteoclast differentiation do so by
regulating OPG and RANKL expression in stromal
support cells (Khosla, 2001; Theill et al., 2002). TGF-B1
treatment of stromal cells at relatively high doses (levels
that inhibit osteoclast differentiation in co-cultures of
marrow precursors with stromal cells) induces OPG and
inhibits RANKL expression (Takai et al., 1998; Sells
Galvin et al., 1999; Thirunavukkarasu et al., 2001;
Quinn et al., 2001). It is, therefore, hypothesized that
this modulation is responsible for TGF-B-mediated
repression of osteoclast differentiation, but this has
not yet been tested. It is a goal of the research described
here to address this question.

The above observations have led us to examine the
responses of osteoclast precursors resident in both
marrow and spleen to a broad range of TGF-B1 and
TGF-B2 concentrations, the impact of stimulatory and
inhibitory TGF-B1 doses on M-CSF, RANKL, and OPG
expression, and how these changes influence osteoclast
differentiation. We have used as our model system the
co-culture of osteoclast precursors from mouse spleen
and marrow with ST2 stromal cells.

MATERIALS AND METHODS
Material

Unless otherwise noted, all chemicals were from
Sigma Chemical Co., St. Louis, MO.

In vitro osteoclast differentiation
with stromal support cells

Mouse marrow and spleen containing osteoclast
precursors were obtained from female BalB/c mice
(Taconic, Germantown, NY). Four to six-week-old mice
were sacrificed and long bones of the hind limbs and
spleen were aseptically removed. The distal ends of
bones were clipped and the marrow flushed out by
injecting sterile Mosconas buffer (8% NaCl, 0.2% KCI,
0.06% NaH,PO, + H,0, 2% glucose, 0.02% bicarbonate)
into the marrow cavity with a 27-gauge needle. Marrow
cells were counted and stored at 2.4 x 10° cells/tube in
liquid nitrogen until used. Freezing media consisted
of 12% dimethylsulfoxide (DMSO) in FBS as has
been previously reported (Wesolowski et al., 1995). To
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generate marrow-derived osteoclasts, precursors were
cultured with ST2 stromal cells (Riken Cell Bank,
Tsukuba, Japan) during differentiation. ST2 cells
(passage 10—13) were plated (4 x 10* cells/well) in a
48-well plate (Fisher, Pittsburgh, PA) 24 h prior to the
addition of osteoclast precursors (1.5x 10° marrow
mononuclear cells or 4.8 x 107 spleen cells per plate) as
previously reported (Gingery et al., 2003). Recombinant
human TGF-B1 or TGF-$2 (R&D Systems, Minneapolis,
MN) were added to four replicate wells for each dose. In
some experiments, 1 ng/ml OPG, 25 ng/ml M-CSF
(R&D), or 60 ng/ml RANKL (Calbiochem, La Jolla, CA)
were added as indicated in the figure legends. The media
was changed every 3 days. On day 6 for spleen cultures
and either day 9 or 10 for marrow cultures, the cell co-
cultures were washed three-times with phosphate
buffered saline (1x PBS : 1.7 mM KH,PO,, 5§ mM
Na,HPO,, 150 mM NaCl, pH to 7.4) and fixed with 1%
paraformaldehyde in PBS. After incubating for 30 min
in the fixative, the cells were rinsed with water three-
times and stored in water at 4°C until they were
evaluated for differentiation.

Determination of differentiation

Tartrate resistant acid phosphatase (TRAP) staining
was used to visualize differentiated cells according to
manufacturer’s directions (Sigma Chemical Co.). The
number of multinucleated TRAP positive cells was
counted using an Olympus Takyo inverted microscope
at 200x magnification.

ST2 cell treatment, RNA isolation, real time
polymerase chain reaction

ST2 cells were plated in 100 mM dishes and
maintained until confluent. One plate was harvested
as atime zero. The remaining cultures were maintained
in base medium or base medium supplemented with
7 % 10~3 M ascorbic acid, 1 x 1077 M dexamethasone,
and 1 x 1075 M vitamin D3 as above and treated with
either vehicle or a range of TGF-B1 concentrations for
3 days. RNA was isolated using Trizol Reagent accord-
ing to manufacturer’s directions (Gibco BRL, Grand
Island, NY). The RNA was stored at —70°C until
analyzed. Following LiCl precipitation to remove DNA,
c¢DNA was synthesized by standard protocol: 4 pg total
RNA was heat denatured at 68°C for 15 min in reverse
transcription reaction buffer (50 mM Tris-HCI, 75 mM
KCl, 3 mM MgCl,, 50 mM DTT, 1 uM dNTPs, 500 ng
oligo-dT primer). Following heat denaturation, 1 U of
MMLV-RT (Invitrogen, Carlsbad, CA) was added and
the mixture incubated at 37°C for 45 min followed by a
68°C incubation for an additional 15 min. The resultant
c¢DNA was diluted 10-fold prior to analysis and 2 pl used
for each reaction as follows: PCR buffer (20 mM Tris-
HC1, 50 mM KCl, 3 mM MgCl,, 300 nM of both the
upstream and downstream primers (see Table below),
and 1 U of Taq Polymerase (Promega, Madison, WI)). As
control, tubulin was amplified simultaneously in sepa-
rate reactions. Message levels are examined using the
BioRad iCycler according to the specifics recommended
by the manufacturer. The amount of target cDNA in the
sample, relative to tubulin, was_calculated using the
formula 2724Ct where AACH is the difference between
the target and tubulin levels. The results were graphed
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asrelative quantification of the target gene compared to
a control (vehicle) treatment. The Table below was the
primer sequences used for amplification. All results
were standardized to a corresponding tubulin reaction
that is carried out simultaneously.

Target

mRNA 5’ Primer 3’ Primer

M-CSF CTCTGGCTGGCTTGG- GCAGAAGGATGAGGT-
CTTGG TGTG

OPG ACGGACAGCTGGCAC- CTCACACACTCGGTTG-
ACCAG TGGG

RANKL  CCAGTGAAGCAGCAG- CCCTCTCATCAGCCCT-
CCAGC GTCC

Tubulin  CTGCTCATCAGCAAGAT- GCATTATAGGGXTCCA-
CAGAG CCACAG

Spleen and marrow precursors cultured
without support cells

Marrow and spleen cells were harvested as outlined
above and plated at 1 x 10° marrow cells per well and
2 x 10° spleen cells per well in a 48-well plate as we
have detailed (Sells Galvin et al., 1999). Base medium
was supplemented with 7 x 10~ M ascorbic acid prior to
plating the cells and cultures were supplemented with
30 ng/ml of RANKL and 25 ng/ml M-CSF with either
vehicle, 2 x 107* ng/ml or 1 ng/ml TGF-B1. The culture
media was changed every 3 days and cells were fixed in
1% paraformaldehyde in PBS to terminate culture. The
cells were TRAP stained and evaluated as outlined
above.

Statistical analysis

The effects of treatment are compared with the control
values by one-way analysis of variance (ANOVA).
Significant treatment effects are further evaluated by
the Student’s z-test. All analyses are performed with
JMP version 4.04.

RESULTS
TGF-B dose responses

Dose response studies were performed to establish the
impact of a broad range of TGF-B concentrations on
osteoclast differentiation from both spleen and marrow
precursors. Both TGF-f1 (Fig. 1A,B) and TGF-p2
(Fig. 1C,D) had biphasic effects on differentiation that
were nearly indistinguishable. TGF-B stimulation of
osteoclast differentiation at 2 x 10~ ng/ml was signifi-
cant and, at higher concentrations, the number of
osteoclasts significantly decreased below control levels,
with complete inhibition of osteoclast differentiation
occurred at a dose of 2 ng/ml TGF-B. We focused
additional studies on the low dose stimulation of
differentiation and observed significant stimulation at
both 1 x 10™* and 2 x 10~* ng/ml TGF-B1with higher,
but not statistically significant levels at 3 x 10™* ng/ml
(Fig. 1E).

Roles of M-CSF, OPG, and RANKL expression

As shown in Figure 1, TGF-§ stimulated differentia-
tion at a low dose while inhibiting differentiation at
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higher doses. To study this, we examined the impact of
these TGF-B concentrations on expression of M-CSF,
OPG, and RANKL by real time reverse transcriptase
polymerase chain reaction (Fig. 2). We document here
that there was a dose dependent inhibition of M-CSF
expression such that the levels are repressed although
some expression is observed at low TGF-B concentra-
tions (Fig. 2A). Interestingly, RANKL expression was
elevated at low TGF-p concentrations only while there is
a less dramatic increase in OPG (Fig. 2B,C). The
RANKIL/OPG ratio is the determining factor in whether
there is sufficient RANKL to interact with its signaling
receptor in the presence of OPG and our data support
that low TGF-f concentrations elevate the RANKL/OPG
ratio while high concentrations repressed the ratio
(Fig. 2D). Thus, at low TGF-B concentrations, there is
sufficient M-CSF and a high RANKL/OPG ratio and
differentiation is elevated. We, therefore, added OPG
to cultures to determine if reducing the RANKL/OPG
ratio would block the low dose stimulation of osteo-
clast differentiation (Fig. 3). OPG blocked differentia-
tion stimulation in the presence of either 1 x 107 or
2 x 107* ng/ml TGF-B. As documented above, at high
TGF-B concentrations, the RANKL/OPG ratio and
M-CSF expression are both repressed and there is no
differentiation. These data suggested that the loss of
M-CSF and/or the reduction in the ratio of RANKL to
OPG was causing the high dose differentiation repres-
sion. We, therefore, examined differentiation in the pre-
sence of added M-CSF and/or RANKL in the presence of
2 ng/ml TGF-B (Fig. 4). Surprisingly, restoring M-CSF
and/or elevating the RANKL/OPG ratio by adding
RANKL had no impact on TGF-B-mediated repression
of osteoclast differentiation at this suppressive dose.
M-CSF addition in the absence of TGF-B stimulated
differentiation while RANKL alone or in combination
with M-CSF repressed differentiation compared to
control levels in the absence of TGF-B. Given reports
that high RANKL levels stimulate INF- production to
repress osteoclast differentiation, these latter finding
are not surprising (Hayashi et al., 2002).

Spleen and marrow precursors cultured
without stromal support cells

The above data supported that high TGF-B doses may
have direct impacts on osteoclast precursors that could
not be overcome by stromal cell-derived M-CSF and/or
RANKL. To examine direct TGF-B influences on osteo-
clast differentiation, we used mouse model systems
where osteoclasts are generated from marrow or spleen
precursors from 8-10-week-old mice supplemented
with RANKL and M-CSF (Fig. 5). In marrow precursor
cultures, there was a dose-dependent increase in osteo-
clast differentiation with increasing TGF-p concentra-
tions. Spleen cell precursor differentiation was only
detected at the higher TGF-B concentration with no
TRAP-positive cells present either in the absence of
TGF-B or at the lower concentration.

DISCUSSION

As noted above, it has been established that TGF-p
has a biphasic effect on osteoclast differentiation when
osteoclast precursors originate from the marrow envir-
onment and are cultured in the presence of stromal
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Fig. 1. Transforming growth factor-beta 1 (TGF-B1) and TGF-p2
influences on osteoclast differentiation in the presence of stromal
support cells. Differentiation of osteoclasts from marrow (A, C, E) and
spleen (B, D) were assessed as detailed in the absence (control) or
presence of the indicated TGF-B1 (A, B, E) or TGF-B2 (C, D)

support cells (Shinar and Rodan, 1990; Mundy, 1991;
Yamaguchi and Kishi, 1995). Here we document that
precursors from both spleen and marrow tissues
respond similarly to TGF-8 in a biphasic pattern under

concentration. Tartrate resistant acid phosphatase (TRAP) positive
multinucleated cells were counted and reported as treated/control.
The values are an average of 3—6 replicate experiments with at
least fi)ur wells per dose in each experiment. *P < 0.05 compared to
control.

these conditions. Given that TGF-B2 has different
influences on some cell types compared with TGF-B1
(Jennings et al., 1988; Segarini et al., 1988; ten Dijke
et al,, 1990; Lyons et al,, 1991; Liu et al., 2000), we
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Fig. 2. TGF-B1 regulation of macrophage colony stimulating factor (M-CSF), receptor activator of NF-xB
ligand (RANKL), and osteoprotegerin (OPG) mRNAs. ST2 cells were untreated (NONE) or treated with
1075 M vitamin D and 10~7 M Dexamethazone (vit D+ Dex), with or without the indicated TGF-p1
concentration for 3 days and RNA was isolated and analyzed as described. The values are representative of
two replicate experiments. *P < 0.05 compared to no treatment (NONE); **P < 0.05 compared to vit D + Dex.
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Fig. 3. OPG effects on differentiation stimulation. Osteoclasts were
differentiated in co-cultures of bone marrow and ST2 cells with the
addition of the indicated TGF-B1 concentration with or without 1 ng/
ml OPG as indicated. TRAP positive multinucleated cells were
counted and reported as treated/control. The values are an average
of three replicate experiments with four wells per treatment in each
experiment. *P < 0.05 compared to no TGF-p; **P < 0.05 compared to
TGF-f treatment in the absence of OPG.
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Fig. 4. M-CSF and RANKL effects on differentiation repression.
Osteoclasts were differentiated in co-cultures of bone marrow and ST2
cells in the absence or presence of 2 ng/ml TGF-p1 with or without 25 ng/
ml M-CSF and/or 60 ng/ml RANKL as indicated. TRAP positive
multinucleated cells were counted and reported as treated/control. The
values are an average of two replicate experiments with three wells per
treatment in each experiment. *P < 0.05 compared to no treatment.
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Fig. 5. Differentiation in the absence of stromal support cells.
Precursors from marrow and spleen were cultured with M-CSF
(25 ng/ml) and RANKL (30 ng/ml) in the presence or absence of TGF-
Bl as described for 9 days and TRAP stained. Differentiation of cells
from spleen and marrow were assessed as detailed. TRAP positive
multinucleated cells were counted as outlined. The values are an
average of three replicate experiments with at least four wells per dose
in each experiment. *P < 0.05 compared to no TGF-§ treatment.

explored whether there were differences between these
isoforms in influencing either stimulation or repression
of osteoclast differentiation. We document that both
isoforms have similar impacts on stimulation and
repression of osteoclast differentiation.

Our observations raised the question of the mechan-
ism by which low TGF'-B doses stimulate differentiation.
We explored this by examining the impact of a range of
TGF-B concentrations on M-CSF, OPG, and RANKL
expression and document that low TGF-B doses elevated
the RANKL/OPG ratio while not completely repressing
M-CSF expression in stromal support cells. To examine
whether the increased ratio of RANKL to OPG was
responsible for increased differentiation, we added OPG
during differentiation and found that suppression of the
RANKL/OPG ratio in this manner repressed differen-
tiation. Thus, the low dose TGF-B stimulation of spleen
and marrow precursors cultured with stromal support
cells may be accounted for by regulation of the RANKL/
OPG expression ratio in the stromal cells. To our
knowledge, this is the first study that TGF-f is capable
of stimulating RANKL expression at any concentration.
This interesting observation supports the cumulative
observations that the TGF-B effects on stromal support
cells are complex and may have multiple implications on
the roles of TGF-B in bone metabolism.

Studies of inhibitory TGF-p doses were more complex,
with repression of the RANKL/OPG ratio and some
repression of M-CSF expression. These impacts seems
likely to be the cause of repressed differentiation, yet
adding M-CSF and/or RANKL to the cultures during
differentiation did not alleviate the repression. These
data support a here-to-fore undocumented TGF-B im-
pact on osteoclast differentiation independent of these
key stimulators of differentiation. Since one possible
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explanation for differentiation repression independent
of stromal cell M-CSF and RANKL expression would be
direct repression of precursors, we examined this using
a stromal cell-independent culture system. We found
that marrow cells cultured in the absence of support
cells responded to TGF-B treatment with a dose-
dependent stimulation of differentiation. Thus, at a
dose that inhibited osteoclast differentiation in co-
cultures of stromal cells and precursor cells, there was
a marked stimulation of differentiation of the precursor
cells cultured without support cells. These data support
that the TGF-B-mediated repression observed in the co-
cultures is by regulating stromal cell expression of
factor(s) in addition to M-CSF, RANKL, or OPG. Thus,
our data support that TGF-B targets both support cells
and osteoclast precursors during differentiation by
influencing multiple targets in osteoclast precursors
and support cells. When spleen precursors were eval-
uated in the absence of support cells, only the higher
dose of TGF-8 stimulated differentiation. This was an
unexpected observation since the lower TGF-§ concen-
tration stimulated differentiation in the presence of
support cells. This is in conflict with reports using spleen
cells from younger mice including our study (Sells
Galvin et al., 1999). Whether this is due to the age of
the mouse from which the spleens were harvested is
currently under investigation.

We have documented that mature osteoclasts secrete
and activate TGF-$ (Oursler, 1994). Moreover, there is
evidence including the studies presented here that
osteoclast precursors and mature cells respond directly
to TGF-p (Fiorelli et al., 1994; Zheng et al., 1994). Thus,
direct TGF-B effects on osteoclast precursors appear to
be complex, including dose-dependent stimulation of
osteoclast differentiation of precursors from both mar-
row and spleen tissues. These observations are consis-
tent with TGF-B influences on other cell types in that
TGF-B has been reported to either promote or repress
either proliferation or differentiation in many cell
systems (Massague, 1987; Roberts et al., 1990; Laiho
and Keski-Oja, 1992). Taken together, our observations
support the concept that multifunctional TGF-B has
complex influences on osteoclast differentiation. In
conjunction with reports that TGF- regulates osteoclast
activity and survival, it appears that TGF-$ impacts on
bone resorption are multifaceted and a complete under-
standing of TGF-B roles in bone metabolism require
integration of all of the components of these impacts
(Hughes et al., 1994; Pederson et al., 1999).
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Introduction

Ninety percent of the protein in bone is Type I collagen that is in the form of a cross-
linked triple helical structure, making it more resistant to proteolysis and enzymatic
cleavage. The stability that this structure confers means that specific proteases are
required for effective degradation [112, 113]. Bone also contains minerals in the form of
hydroxyapatite crystals. Thus, for bone resorption to occur both the mineral and the
protein components of this matrix must be removed. Osteoclasts are unique in that they
create an external acidic hemivacuole adjacent to the bone surface as an early step in
bone resorption [4]. This compartment is created when osteoclasts attach to bone. After
attachment osteoclasts transport lysosomes to the portion of the plasma membrane that is
juxtaposed to the area of the bone that is to be resorbed. The vesicles fuse with the
plasma membrane and thereby, increase the plasma membrane surface area in this
restricted region. Lysosome membranes also contain membrane tartrate resistant acid
phosphatase (TRAP) and high levels of a hydrogen pump. Both of these enzymes are
retained in the plasma membrane after fusion. Lysosome contents are discharged into
this compartment as the vesicles fuse with the plasma membrane and this is followed by
hydrogen pump-mediated acidification of the hemivacuole. The combined action of

enzymes from the lysosomes (such as TRAP and cathepsins), the matrix metalloproteases



(MMPs), and the reduction in pH together cause bone to be resorbed. It has therefore
been of great interest to discover the identity and nature of the enzymes that execute bone
resorption in the hope of targeting these enzymes to regulate rates of bone loss. The
osteolytic roles of TRAP, cathepsins, and MMPs are discussed in the remainder of this

chapter.

Tartrate Resistant Acid Phosphatase (TRAP)

TRAP, expressed mainly in osteoclasts and related monohistiocytic cells, has the capacity
to hydrolyze phosphoproteins, ATP and other nucleotide triphosphates, and
arylphosphates [73]. Although it has been known for many years that osteoclasts express
this membrane enzyme, its role in osteoclast activity has remained elusive. The porcine
homolog, uteroferrin, may have as its function the delivery of iron that is secreted by the
endometrium in utero[29]. However there is no indication that the enzyme fills this
potential role in osteoclasts. Although there is only limited sequence similarity between
the kidney bean purple acid phosphatase and TRAP, the fact that the conformation of
what is thought to be the active site of TRAP resembles that of the known catalytic
domain of the bean phosphatase strengthens the inference that the presumed site in TRAP
is in fact the active site [111]. The crystal structure of TRAP also revealed a protease
sensitive surface loop near the active site {111]. This explains the need for proteolytic

activation of the enzyme.




Targeted TRAP disruption in mice resulted in altered epiphyseal growth plate
development [55]. This is consistent with a disruption in chondro/osteoclast activity. In
these animals, moreover, early onset osteopetrosis was observed. Since osteoclast
differentiation levels seemed normal, the osteopetrosis probably resulted from reduced
osteoclast activity. Given that osteoclasts in these mice contain high numbers of
cytoplasmic vesicles near the ruffled border, the question arose whether TRAP in the
lysosomal vesicle membrane was involved in transport to or fusion with the plasma
membrane. Osteoclasts from these mice secreted normal levels of cathepsin K, leading to
the conclusion that the accumulating vesicles were not lysosomal vesicles that fail to
merge with the plasma membrane [55]. MITF and PU.1 are two transcription factors that
synergistically activate TRAP gene expression [79]. Mice that are heterozygous for
mutant MITF and a PU.1 null allele exhibit early onset osteopetrosis with osteoclasts of
normal size and number [79]. The above studies support the concept that TRAP is
involved in osteoclast activity, but its precise role has remained unresolved. Recent data
documented that cathepsin K is a physiological activator of TRAP and that TRAP can
dephosphorylate osteopontin [3]. Osteopontin is involved in stimulating osteoclast
activity by promoting adhesion, migration, and resorption [13, 14, 30, 39, 57, 59, 82, 93,
96]. Razzouk et al [93] have investigated the importance of osteopontin phosphorylation
in these roles and their data support that osteopontin phosphorylation may be involved in
promoting resorption, but not attachment or actin ring formation. Thus, TRAP-mediated

osteopontin dephosphorylation would repress bone resorption.



TRAP is expressed in osteoclasts, some tissue macrophages, dendritic cells, parenchymal
liver cells, glomerular mesangial kidney cells, and pancreatic acinar cells [115]. In many
cases, there are different RNAs expressed by these different cell types as the 5’
untranslated regions of the mRNAs differ due to altered first exons. Walsh et al [115]
have identified an osteoclast-specific transcription initiation site and further documented
that there are four different promoter regions that are restricted in a tissue- and cell-
specific manner. Since TRAP has long been considered a pivotal marker for osteoclasts,
attempts have been made to correlate serum TRAP levels with resorption rates in vivo.
This has met with little success. Attempts have recently been made to measure type 5b

TRAP, whose expression is though to be restricted osteoclasts [60].

Cathepsins

Many studies have linked these lysosomal cysteine proteases to osteoclast-mediated bone
resorption. Much of the evidence indicates that cystein protease inhibition can block
bone resorption in vitro and in vivo [17, 19, 20, 22, 36, 46, 47, 53, 69, 72, 87, 90, 95, 99].
This includes studies where the activities of cathepsin B and cathepsin L were inhibited
and resorption was slowed or stopped [22, 46, 47, 69, 87, 90, 95, 99]. In some studies,
however, inhibition of either protease had only a modest or no effect on resorption [52,
64,95, 110, 111, 118]. This has led to a search for alternate proteases responsible for
osteoclast-mediated bone resorption. Cathepsin K (also referred to as O or X) was first

identified by differential screening of a rabbit osteoclast cDNA library and both human




and mouse homologs have subsequently been cloned [61, 92, 109]. Mice with cathepsin
K knocked out exhibited osteopetrosis, abnormal joint morphology, increased bone
volume, greater trabecular thickness, and more trabeculae [48]. Differentiated osteoclasts
were found in association with demineralized bone. This suggests that osteoclasts
deficient in cathepsin K can demineralize the matrix but cannot degrade it. In other
studies of cathepsin K knock out mice, osteopetrosis was observed even though the
osteoclast numbers were normal, suggesting impaired osteoclast activity [97, 98]. In
addition, the resorption surface was broadly demineralized, but there was undigested
collagen present. The absence of cathepsin K and the presence of undigested collagen
suggest that cathepsin K is involved in collagen degradation. Cultured osteoclasts from
these mice also had impaired resorption activity [98]. Studies of human cathepsin K
using Giant Cell Tumors of the Bone and bone tissues show that cathepsin K was highly
expressed in osteoclasts, with no detectable cathepsin B or L expression [28]. From these
studies it appears that other tissues do not express cathepsin K. However the failure to
detect cathepsins B and L may simply be due to an insufficiently sensitive assay, in as
much as in other reports these enzymes are detected in osteoclasts [22, 46, 47, 69, 87, 90,
95, 99]. Indeed, although the above study suggested that cathepsin K might be
exclusively expressed by osteoclasts, it is clear from other data that cathepsin K
expression is not restricted to osteoclasts [10-12, 15, 25, 26, 49-51, 68, 74, 78, 83, 84, 91,

92, 107].

The human disease pycnodysostosis is a lysosome disease that manifests itself as an

inherited sclerosing skeletal dysplasia. Gelb et al [44] have shown that patients with this




disease have nonsense, missense, or stop codon mutations in their cathepsin K genes.
Similar to mouse models lacking cathepsin K, pycnodysostotic osteoclasts can
demineralize bone matrix but cannot degrade the matrix. These data support that
cathepsin K is involved in human osteoclast-mediated bone resorption. In mice,
Rantakokko et al [92] observed cathepsin K in both osteoclasts and hypertrophic
chondrocytes. This observation adds support to the hypothesis that cathepsin K plays a

role in matrix degradation as well.

An interesting study by Dodds et al [27] has examined the patterns of inactive and active
cathepsin K protein in osteoclasts. In osteoclasts that are not involved in bone resorption,
most of the cathepsin K was present as an inactive zymogen. In osteoclasts that were
located closer to the bone matrix, active cathepsin K appeared restricted to the osteoclast
area closest to the bone. When osteoclasts were actively resorbing bone, they contained
only active cathepsin K that was localized at the bone surface in the ruffled membrane.
Thus, local factors present in the immediate vicinity of the bone seem to be important in

stimulating cathepsin K activation.

Early studies of the ability of cathepsin K to degrade bone proteins suggested that it was
not very effective against collage or fibronectin, but readily degraded osteonectin [9]. It
has since been documented that optimal cathepsin K activity toward collagen requires a
complex of the cathepsin molecule and soluble glycosamino glycans [58]. Intriguingly,
Hou et al [58] have shown that cathepsin K cleaved aggrecan aggregates at two specific

sites, thereby generating the soluble glycosamino glycans required for formation of the




active complex themselves. Most cathepsins typically target collagen nonhelical regions
or the destabilized helical region once collagenase has cleaved the structure [94]. Unlike
other cathepsins, cathepsin K cleaves both helical and telopeptide regions of collagen
[43]. Thus, typical of cathepsins, cathepsin K can cleave outside of the helical region. In
addition, it can also act inside the helical region, i.e. the region that is usuélly attacked by
the MMPs and neutral elasase [2, 6, 65, 75, 76, 88]. This dual ability to target both
collagen regions is unique among the mammalian collagenases and is reminiscent of _
bacterial collagenase. A confirmation of the critical role played by cathepsin K in
collagen digestion in humans comes from a study in which fibroblasts in pycnodysostotic
embryos accumulate undigested collagen in lysosomal vacuoles [37]. Thus, cathepsin K
can degrade the stable collagen triple helical structure and is therefore likely to be a
reasonable target for pharmacologic intervention to block bone resorption (reviewed in
[117]). As noted above, another role for cathepsin K in bone resorption may be to
activate TRAP, causing osteopontin dephosphorylation and thereby negatively regulating

bone resorption.

Cathepsin K inhibition by antisense or small molecules has been used to assess its role in
osteoclast-mediated bone resorption. Pharmacological inhibitors of cathepsin K that span
the active site inhibit resorption both in vivo and in vitro [71, 106, 110]. Blocking
cathepsin K with antisense repressed bone resorption as well [62]. In an in vivo study
using SB-357114 to block bone resorption, the inhibitor blocked both cathepsin K and
cathepsin L activity [106]. Since these osteoclasts expressed much more cathepsin K

than cathepsin L, cathepsin K may be the likely inhibition target, but this has not been



directly tested. Independent of the molecular target of this inhibitor, resorption was
blocked, raising hope that targeted disruption of cathepsins may become an effective anti-

resorptive therapy.

This returns us to the issue of the conflicting data of the potential roles of different
cathepsins in osteoclast-mediated bone resorption. An interesting study by Furuyama et
al [42] may help resolve this issue. Using calvarial organ cultures, they were able to
detect trace levels of cathepsin L in untreated osteoclasts. When the cultures were treated
with vitamin D, PTH, IL-1a, IL-6, or TNF- a - all known to stimulate born loss — the
cathepsin L levels increased. In contrast, cathepsin K was abund under basal conditions
and its concentration was unchanged following treatment with these stimulatory agents.
Under basal conditions, resorption was blocked when cathepsin K was inhibited, but not
when cathepsin L was inhibited. However, when the calvaria were treated with
stimulatory factors, inhibition of either cathepsin K or cathepsin L partially inhibited
resorption, with inhibition becoming additive when both inhibitors were used. These
findings demonstrate that cathepsin K is important in basal bone resorption. CathepsinL,
on the other hand, may be involved bone loss under pathological conditions when its

expression is elevated.

Matrix Metalloproteases (MMPs)




Studies of patients with pycnodysostosis have shown that, for the typical bone phenotype
to become evident, there must be complete loss of cathepsin K activity [44]. However,
even in cases with complete loss, whether in patients or mice, the calvaria appear normal.
It would therefore seem that some bone resorption is taking place [16]. The
collagenolytic mechanisms in these cases remain unknown, but may involve

overexpression of other cathepsins, perhaps in conjunction with MMPs.

Individual MMPs are known by a variety of names and their substrates are as varied as
their names. We will discuss MMP1, 3,9, 12, 13, and 14 and their potential roles in
osteoclast-mediated bone resorption. MMP1 is also known as collagenase-I. Its matrix
substrates include intact collagen types I, II, ITI, VII, VIII, X [104]. MMP3 is also known
as stromelysin and its substrates include osteopontin [1], decorin, proteoglycan,
fibronectin, laminin, and type IV collagen, but not interstitial type I collagen [116].
MMP?9 is also known as gelatinase B and its substrates include aggrecans, denatured type
I collagen {40], and collagens IV, V, VIII, X, and XIV [104]. MMP12 is also known as
macrophage metalloelastase. Its substrate is elastin and it has no collagen substrates
[104]. MMP13 is also known as collagenase-3 and MMP14 is also known as MTI-MMP.
Their substrates include type I collagen, other collagens, and additional extracellular

matrix proteins [104]. Other non-matrix targets also exist for each MMP [104].

In bone, osteoblasts are a major source of MMP production. However MMP13 in bone is
produced by osteocytes or mononuclear cells located near osteoclasts [23, 41, 102, 103].

Osteoclasts also produce some MMPs. Lin et al [77] found that rat osteoclasts expressed




MMP1 mRNA. Further, rabbit osteoclasts express MMP9 mRNA and MMPs1 and 9
mRNAs were present in human neonatal rib osteoclasts [7, 108]. Intriguingly, MMP1
and MMP9 mRNAs were also seen in a subset of osteoclasts situated at resorption sites
and MMP9 mRNA was expressed in human giant cell tumors with the degree of
expression correlating with the severity of the osteolysis [8, 70]. Moreover, osteoclast
MMP1 and 9 production is regulated by IL-1, a cytokine that promotes bone resorption in

vivo [54]. These data suggest a role for MMPs 1 and 9 in osteoclast-mediated bone

degradation.

All MMPs require zinc for activity and, compared to MMP1, MMP?3 has a deeper S,’
specificity pocket, which is distinctly different from the active site of MMP1 [24]. This
could explain why it has proven possible to develop specific inhibitors that differentiate
between these two enzymes. X-ray structure comparisons of MMPs 1 and 3 indicate
there are two clusters of regions of differences between these two MMPs in regions that
form the entrances to the active sites [24]. Differences in substrate specificity may be

attributed to these structural differences [24].

Given that MMPs can destroy tissues, their enzymatic activity must be tightly regulated
[104]. MMP activity can be controlled by modulating the gene expression level, by
stimulating or inhibiting proenzyme activation, or with the aid of inhibitory molecules
such as the tissue inhibitors of metalloproteinases (TIMPs) [105]. Expression stimulators
include the membrane-anchored cysteine-rich protein RECK and alpha2-macroglobulin

[81, 85, 86]. MMPs are synthesized with a pro-domain that blocks activity by means of
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an unpaired cysteine in the carboxy terminus. X-ray analysis has shown that, by inserting
the pro-domains of MMP3 and 9 into their respective clefts, activity is blocked [5, 31).
The unpaired cysteine acts as a fourth inactivating ligand for the zinc atom that is present
in the active site. Activation can be by either proteolysis, so as to remove the pro-
domain, or by a conformational change that releases the zinc atom from the cysteine. In
that situation, the thiol group is replaced by water and the enzyme is thus enabled to
remove the pro-domain. In most cases, MMP activation takes place outside of the cell.
Given that MMPs reside in bone as latent enzymes, family members not synthesized by
osteoclasts can be activated by osteoclastic activity and participate in bone degradation.
Inactivation mechanisms include expression of TIMPs, which interact with the active site
of MMPs and thus block activity [45]. In normal human bone, TIMP1 is highly
expressed in osteoclasts derived from neonatal bone, but was absent in osteoclasts from
pathological tissues (osteophytic and heterotopic bone — both having poorly organized
bone formation) [7]. TIMP1 expression may therefore be important in the regulation of

normal bone remodeling in the course of development.

Selective MMP inhibition studies have shown that the functional importance of a given
MMP varies with the type of bone [38]. The presence of inflammatory cytokines may
moreover alter MMP levels. Hill et al [54] have documented that MMP?9 inhibition did
not inhibit basal osteoclast activity in vitro, but did inhibit IL-1 stimulated calvarial
explant bone resorption. Consequently, MMP9 may play a role in inflammatory
cytokine-stimulated bone loss. Thus the specific function of MMPs in bone resorption

seems to depend on the bone and/or the type of resorption stimulus.
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Inhibition of either cathepsin or MMP decreased bone resorption, but inhibiting both was
not additive [34, 36]. Even though cathepsins and MMPs thus appear to have similar
functions and may be able to substitute for each other, MMPs act later in the resorption
process than cathepsins do [38]. In view of the fact that these two enzyme classes act on

different resorption steps, their actions may not be additive.

MMP13, synthesized by osteocytes but not by osteoclasts, has been detected in the
resorption pit of cathepsin K knock out mice [35]. This observation raises the possibility
that osteocytes may participate in osteoclast-mediated bone resorption by synthesizing
and secreting MMP13. Everts et al [35] have proposed that the role of MMP13 is to

“mop up” after cathepsin K-mediated bone resorption is completed.

Studies of mice lacking a given MMP provide insight into specific functions of the
various family members. Bone resorption rates were normal in mice lacking MMP9,
MMP12, and MMP14 [16]. However, mice lacking MMPI3 had reduced bone
resorption rates. This finding again supports a role for MMP13 in bone resorption.
Although there was no apparent impact of MMP9 knock out on bone resorption, the
bones from these mice had lengthened growth plates [114]. Since introduction of normal
marrow restored development to normal, it was apparent that the defect was in the
chondroclasts [114]. MMP9 knock out mice exhibited delayed osteoclast recruitment
[32]. In patients with vanishing bone syndrome, there is severe bone degradation, mainly

in the hands and the feet; this is due to the loss of the MMP2 gene [80]. The reasons why
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loss of an MMP causes bone destruction are unknown, but possibilities include a
compensatory over-production of other MMPs or a loss of coupling between osteoclasts
and osteoblasts. Mice lacking MMP2 do not exhibit the same phenotype. This is another
indication why reliance on mouse genetics may mislead in understanding of human

disease.

MMPs also facilitate other aspects of osteoclast function. Inhibition of MMPs blocked
osteoclast migration through collagen gel in an in vitro assay [16]. Osteoclasts deficient
in MMPs 9, 12 and 14 have been examined for their migratory patterns [16]. MMP12
deficient osteoclasts migrated at normal rates whereas osteoclasts deficient in MMP9 or
MMP14 had slower migration patterns. The MMPs can be found in podosomes, the
osteoclast-bone attachment structure, and at the leading edges of normal migrating
osteoclasts [63, 100]. Further supporting a MMP role in migration, MMP inhibition
increased the lifespan of a podosome; this in turn will decrease migration[100]. Another

function of MMPs may be to stimulate osteoclast recruitment [16].

One hypothesis is that MMP13-generated collagen fragments initiate bone resorption by
activating osteoclasts [56]. In addition, MMP?9 activity released TGF-8 from bone

matrix, where TGF-8 is stored in significant amounts [66]. TGF-B causes cell retraction
thus leading to greater bone surface exposure, increasing osteoclast precursors attraction

to the bone surface [66]. MMP14 causes membrane RANKL release, thereby perhaps

influencing osteoclast differentiation and/or activation [67, 101]. Thus, MMPs most
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likely coordinate matrix degradation and recruitment and differentiation of osteoclasts

and chondroclasts and may be an important component of bone metabolism [89].

Conclusions

In light of the above information, cooperation among proteases is likely to be important
in osteoclast-mediated bone resorption [18, 19, 21, 33, 36, 112, 113]. Although much
more is now known about the enzymatic mechanisms by which bone is resorbed, it is
equally clear that many gaps in our knowledge remain. The role of TRAP in bone
resorption remains unresolved, as do the respective roles of cathepsins and MMPs.
Furthermore, the mechanisms by which is resorbed in the course of bone development are
likely to differ from those involved in bone turnover in the process of pathological bone
loss. Changes in bone mass such as those that occur during menopause or as a result of
anti-inflammatory therapies may involve a different set of enzymes. Similarly, bone loss
induced by inflammatory cytokines may involve mechanisms that differ from those in
other conditions of bone is resorption. It seems reasonable to hope that future studies of
osteolytic enzymes will improve our knowledge of this important aspect of bone

metabolism.
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